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Abstract
Two species of epigean crayfish, Procambarus alleni (the Everglades crayfish) and
Procambarus fallax (slough crayfish), may be keystone species that inhabit wetlands in
south Florida and the Everglades. Recent field studies showed that although these two
species occur in sympatric and syntopic distribution, Everglades crayfish prefer shallow
water and short hydroperiod conditions, whereas slough crayfish prefer areas that are
more permanently flooded (Hendrix 2000). Slough crayfish have invaded some areas
within the range occupied by Everglades crayfish, and may be the more successful
competitor. Because of their critical role throughout the trophic structure of Everglades
wetlands, shifts in relative abundance of these two species through water management
decisions may have significant effects on wetland communities and the overall
availability of crayfish as food for other organisms.
To examine the biology and ecology of Everglades and slough crayfish, three
experiments were conducted on juveniles, under laboratory conditions that simulated
environmental conditions in wetlands of south Florida. Adult crayfish of both species
were obtained mostly from natural areas in south Florida, including wetlands that were
historically connected to the northern Everglades. Young crayfish were hatched from
berried females captured in the field or bred in the laboratory.
Experiment 1. Growth, survival, and development of Everglades and slough crayfish
hatchlings were monitored to three months of age, under stable conditions (water depth
and food availability). Weight, total length, survival, and development (presence and size
of male gonopods) were recorded at nearly four week intervals. Slough crayfish had
significantly higher survival rates than Everglades crayfish, however, statistical analysis
indicated that Everglades crayfish grew significantly larger than slough crayfish, at a
faster rate. Linear regression showed that juvenile slough crayfish were heavier at a given
length, and combined with gonopod development, was used to predict that slough
crayfish become mature at an earlier age than Everglades crayfish.
Experiment 2. In this multifactorial experiment, the effects of abiotic (various conditions
of food availability and water levels) and biotic (density and competition) factors were
examined on the survival and growth of hatchlings of both species up to three months
old. Assuming that slough crayfish was an invading species, emphasis was placed on
competitive influences of slough crayfish on Everglades crayfish. In conditions
simulating different water levels, Everglades crayfish survival was most impacted by low
food availability, high density, all three water levels, and intraspecific competition, while
highest survival took place in conditions of high food availability, and low density.
Lowest survival of slough crayfish occurred in low food availability, high density, and
low water levels. slough crayfish had higher survival in all conditions tested.
Everglades crayfish grew significantly larger in size than slough crayfish in all conditions
tested. Growth of Everglades crayfish was most impacted by low food availability, drying
conditions, high density, and intraspecific competition in high and low densities. The best
conditions for growth of Everglades crayfish included high food availability, low water
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levels, low density, and interspecific competition with slough crayfish. The growth of
slough crayfish young was most impacted by low food availability, high density, and
high density interspecific competition. Slough crayfish grew largest under conditions of
high food availability, low density, and low density interspecific competition, but reached
the same size in all three water levels tested.
Experiment 3. Patterns of behavior and choice of substrate of juvenile Everglades and
slough crayfish, in the presence of an arthropod predator were observed, both day and
night, during a 48 hour time period. Juveniles were offered four choices of substrates
commonly found in Everglades environments (Utricularia foliosa, Panicum hemitomon,
Typha domingensis, and sand), and seven possible behavior choices (feeding, resting,
moving, digging, retreating, avoiding, or approaching).With and without the presence of
an arthropod predator, both species spent the greatest amount of time in U. foliosa and P.
hemitomon, and the least amount of time in T. domingensis and on sand. At night, in the
presence of the predator, slough crayfish spent significantly more time secluded in
bladderwort than Everglades crayfish, but Everglades crayfish was twice as exposed on
sand.
In the absence of the predator, feeding was the primary activity of both species during the
day, but at night Everglades crayfish foraged while slough crayfish rested. a greater
percent of time Both species were more mobile during the day, whether the predator was
present or not. In the presence of an arthropod predator, juveniles of both species fed
more during the day, but at night spent more time resting.
Because of its larger size, propensity for burrowing, and probably a more size-structured
population, Everglades crayfish may have a competitive advantage in resource holding
potential, ability to survive adverse drying conditions, and in reproduction, by producing
larger numbers of eggs. Slough crayfish grow more slowly, tend to be heavier than
Everglades crayfish at a given length, and reach maturity at a smaller size and younger
age than Everglades crayfish. U. foliosa was the preferred substrate at all times by young
crayfish, probably due to providing optimal shelter and food. In the presence of an
arthropod predator, diurnal activity patterns were followed. If survival and growth
strategies of slough crayfish are enhanced by long hydroperiods and appropriate depths in
Everglades environments, then slough crayfish could have a considerable competitive
advantage over Everglades crayfish in survival, reproduction, and development strategies.
However, Everglades crayfish may have size-related advantages over slough crayfish.

iv

Acknowledgements
I would first like to recognize and thank my graduate committee members, all of whom I
consider fine mentors, especially Dr. Bart Baca, who patiently guided my academic
progress, provided me with a first view of the “big picture,” and spent many hours of
encouragement and review of my work. I also sincerely appreciate the skilled efforts of
Dr. Frank Jordan, who greatly aided in experimental design, statistical analysis,
consistent commentary on enhancing writing skills, and who introduced me to rigors of
field work in the rapidly changing weather conditions of the Everglades. Dr. Pat
Blackwelder and Dr. Curtis Burney were instrumental by proving insights into related
areas, and through encouragement.
In gratitude, I also thank Dr. Arthur Johnson and Dr. Eric Jones for patient expertise in
the areas of experimental design and statistical analysis, and Dr. Dick March, John
Zahina, and Jim Swick for their statistical guidance. Important aspects of morphology
and life style of crayfish were discussed with researchers Pete Rhoads, Dick Franz,
Harvey Rudolph, and Jim Norrocky. Over several years, Mike Miltner taught me about
the basic ecology and life styles of local crayfish, and I had the opportunity to assist April
Huffman and Robert Shuford on crayfish collection trips. Pete Rosendahl provided
insight concerning and access to commercial Everglades crayfish culture operations at
Okeelanta Sugarcane facility. Fellow scientists, friends, and nature lovers Allen Trefry
and Jason Hedegard joined me on many, very interesting collecting trips, traipsing
through wetlands and taking photographs, while Renee C. Restino also analyzed soil
samples from various natural areas. I would also like to remember Jack Stanley, the
consummate outdoorsman, who introduced me to the wilds of the J. W. Corbett Wildlife
Management Area.
I also greatly appreciate unwavering support from the Palm Beach Atlantic University
community, especially: 1) Science Faculty, in supporting my academic requirements and
research needs; 2) Library staff, in particular Cheri du Mee, who could always find hardto-locate articles; 3) Administration, who partially funded my tuition and research; and 4)
.Students, who constantly inspired me with spiritual uplift.

v

Without the support of my family and friends, and their “eagerness” to learn more about
crayfish, this research would not have been possible. I have the deepest gratitude for my
husband, Joel, who, with extreme patience, built my tankroom, joined me on uncountable
field trips, made helpful suggestions on every aspect of this research, and offered loving
guidance and support every step of the way. I thank our children, Meredith, for support,
and Lauren and Kevin, who along with Mert Baker, were instrumental in data
management and constant encouragement. My loving mother, Adele, who has the highest
aspirations for all of her children, and who inspired us all to pursue higher education, and
my siblings, Nancy, Anne, and Don, deserve special acknowledgement because of their
unending support. Last, but not least, the academic and moral support of Dr. John Grawe
and M.M. provided me with a sense of reality on a daily basis.

vi

Biographical Sketch
Peggy E. (Gilbert) VanArman
Born in Brooklyn, New York, January 25, 1947, Peggy moved to Cocoa Beach, Florida,
at a young age, and immediately became enamored with all kinds of living organisms.
Formative years were spent collecting aquatic specimens to rear at home, and “road kill”
from the Atlantic Ocean and the Indian River. This activity intensified and led her to
study at Brevard Junior College, Cocoa, Florida, A.A. degree (1966). During that time,
she had the opportunity to board submarines docked at Cape Canaveral and local fishing
boats, and learned fundamentals of oceanography from ship’s officers and shrimpers.
After graduating from Florida Atlantic University (FAU), B.S. Biology (1969), Boca
Raton, Florida, she attended graduate school at FAU, M.S. marine invertebrate zoology
(1977), where she raised two species of tiny green shrimp, and was funded for several
years by Sea Grant, to work in aquaculture research on a variety of marine and freshwater
shrimp. Peggy then worked for five years at Aquatic Sciences, Inc., an aquaculture
research affiliate of Aquarium Systems, also located in Boca Raton.
While raising three children along with husband Joel, Peggy went back to work as an
adjunct Biology Instructor at Palm Beach Atlantic University (PBAU) and Palm Beach
Community College. By 1989, she joined the full-time biology faculty at PBAU, and was
raised in rank to Assistant Professor in 1994, where she is still employed. Seeking only to
catch up on current events in biology, Peggy began attending classes at Nova
Southeastern University Oceanographic Center (NSU-OC) in 1993, and was admitted to
the doctoral program in the latter part of 1997. A constant stream of Everglades
restoration information from Joel, and discussions with water managers, led to the
understanding of the paucity and importance of crayfish related information. With
inspiration from writings of Marjory Stoneman Douglas, and guidance from above,
Peggy was able to study crayfish that inhabit the awesome environments of the
Everglades for her Ph.D. research, Ph.D. NSU-OC (2003).

vii

Table of Contents
Abstract .............................................................................................................................. iii
Acknowledgments................................................................................................................v
Biographical Sketch .......................................................................................................... vii
Table of Contents............................................................................................................. viii
List of Tables .................................................................................................................... xii
List of Figures ................................................................................................................... xv
List of Plates ................................................................................................................... xvii
Page
CHAPTER 1. INTRODUCTION ................................................................................... 1
1.1 Overview ..........................................................................................................1
1.2 Changes in Everglades Environments over the Past 100 Years .................2
1.2.1 Reduction in Geographic Extent and Alterations in Hydrology ............2
1.2.2 Effects of Alterations of Hydrology, Fire, and Nutrients on
Flora and Fauna ......................................................................................4
1.3 Role and Importance of Crayfish in the Everglades.................................... 5
1.3.1 Ecological Influences of Crayfish on Flora and Fauna .........................5
1.3.2 Colonization of the Everglades Ecosystem by P. alleni and
Slough crayfish, and Geographic Ranges .............................................6
1.3.3 Effects of Hydroperiod on Crayfish ......................................................9
1.4 Studies of Crayfish in Florida, with Emphasis on the Everglades ...........10
1.5 Interactions between Biotic and Abiotic Factors .......................................12
1.6 Present Research ...........................................................................................13
1.6.1 Format of Dissertation Research .........................................................13
1.6.2 Goals of the Present Research ............................................................. 14
1.6.3 Importance of this Research to Ecosystem Restoration ......................14
1.7 Description of Crayfish Collection Areas ...................................................15
CHAPTER 2. COMPARISON OF SURVIVAL, GROWTH AND DEVELOPMENT
OF PROCAMBARUS ALLENI AND PROCAMBARUS FALLAX ................. 24
2.1 Introduction....................................................................................................24
2.2 Materials and Methods................................................................................. 25
2.3 Statistical Analysis ........................................................................................28
2.4 Results ............................................................................................................30
2.4.1 Survival ................................................................................................30
viii

2.4.2 Growth .................................................................................................30
2.4.2.1 Weight ....................................................................................... 30
2.4.2.2 Total Length ..............................................................................31
2.4.2.3 Weight-Length Relationships ....................................................31
2.4.3 Development .........................................................................................32
2.4.3.1 Maturity .....................................................................................32
2.4.3.2 Fecundity ...................................................................................32
2.5 Discussion .......................................................................................................33
2.5.1 General .................................................................................................33
2.5.2 Survival ................................................................................................33
2.5.3 Growth .................................................................................................34
2.5.3.1 Weight, Length, and Weight-Length Relationships ..................34
2.5.3.2 Development.............................................................................. 36
2.5.3.3 Fecundity (Fertility)................................................................... 37
2.6 Summary of Results and Conclusions .........................................................38
CHAPTER 3. SURVIVAL AND GROWTH OF PROCAMBARUS ALLENI AND
PROCAMBARUS FALLAX JUVENILES UNDER DIFFERENT
CONDITIONS OF FOOD, HYDROLOGY, DENSITY, AND
COMPETITIVE INFLUENCES .................................................................. 57
3.1 Introduction ...................................................................................................57
3.2 Description of Collecting Areas ...................................................................59
3.3 Materials and Methods .................................................................................59
3.4 Statistical Analysis ........................................................................................61
3.5 Results ............................................................................................................62
3.5.1 Survival ............................................................................................... 62
3.5.1.1 Survival and Food ..................................................................... 63
3.5.1.2 Survival and Hydrology ........................................................... 63
3.5.1.3 Survival and Density ................................................................ 64
3.5.1.4 Survival and Competition ......................................................... 64
3.5.2 Growth: ............................................................................................... 65
3.5.2.1 Growth and Food ...................................................................... 66
3.5.2.2 Growth and Hydrology ............................................................. 66
3.5.2.3 Growth and Density .................................................................. 67
3.5.2.4 Growth and Competition .......................................................... 67
3.6 Discussion .......................................................................................................68
3.6.1 Survival and Food ............................................................................... 69
3.6.2 Survival and Hydrology ...................................................................... 71
3.6.3 Survival and Density ........................................................................... 73
3.6.4 Survival and Competition ................................................................... 76
3.6.5 Growth and Food Availability ............................................................ 78
ix

3.6.5.1 Growth ...................................................................................... 78
3.6.5.2 Food Availability ...................................................................... 79
3.6.6 Growth and Hydrology ....................................................................... 80
3.6.7 Growth and Density ............................................................................ 82
3.6.8 Growth and Competition .................................................................... 84
3.7 Summary of Results and Conclusions .........................................................86
CHAPTER 4- BEHAVIOR OF PROCAMBARUS ALLENI AND PROCAMBARUS
FALLAX IN SUBSTRATE SELECTION (VEGETATION OR SAND)
AND ACTIVITY, IN THE ABSENCE AND PRESENCE OF A
CRAYFISH PREDATOR ........................................................................... 106
4.1 Introduction..................................................................................................106
4.2 Materials and Methods................................................................................108
4.2.1 Experimental Procedure and Equipment ........................................... 108
4.2.2 Statistical Analysis............................................................................. 111
4.3 Results ...........................................................................................................112
4.3.1 Choice of Substrate in the Absence of a Predator ............................. 112
4.3.2 Behavior Patterns in the Absence of a Predator ................................ 113
4.3.3 Choice of Substrate in the Presence of a Predator............................. 113
4.3.4 Behavior Pattern in the Presence of a Predator ................................. 114
4.3.5 Comparison of the Choice of Substrate between the Absence
(APR) and the Presence (PR) of a Predator ....................................... 115
4.3.6 Comparison of the Pattern of Behavior in Absence (APR) and
the Presence (PR) of a Predator ......................................................... 116
4.4 Discussion......................................................................................................117
4.4.1 General Mechanisms Driving Substrate Choice and Patterns of
Behavior ............................................................................................. 117
4.4.2 Plants Used as Refuge and Food in the Absence of a Predator.
Question 1. ......................................................................................... 118
4.4.3 Behavior in the Absence of a Predator. Question 2........................... 122
4.4.4 Predators ............................................................................................ 126
4.4.4.1 Influence of Predators on Juvenile Crayfish ........................... 126
4.4.4.2 Predator Recognition ............................................................... 126
4.4.4.3 Adult Crayfish and Insects as Predators of Juvenile
Crayfish....................................................................................... 127
4.4.5 Choice of Substrate in the Presence of an Arthropod Predator.
Question 3. ......................................................................................... 128
4.4.6 Behavior Patterns in the Presence of an Arthropod Predator.
Question 3. ......................................................................................... 128
4.4.7 Influences of Vertebrate Predators on Substrate Choice and
Behavior ..............................................................................................130
4.5 Summary of Results and Conclusions........................................................131

x

CHAPTER 5. SUMMARY AND CONCLUSIONS................................................... 148
5.1 Research Overview ....................................................................................148
5.2 Conclusions Concerning Dynamics of Everglades Crayfish and Slough
crayfish Populations in Experimental Conditions and Implications for
Everglades Wetlands Management ..........................................................148
5.2.1 Effect of Stable Conditions on Crayfish Survival and Growth .........148
5.2.2 Effects of Food Availability, Water Level, Density, and
Competition on Crayfish Growth and Survival .................................149
5.3.3 Patterns of Behavior and Choice of Substrate by P. alleni
and Slough crayfish in the Absence and Presence of an Arthropod
Predator. .............................................................................................151
5.3 Summary.....................................................................................................152
5.3.1 Survival and Growth ..........................................................................152
5.3.2 Development ......................................................................................152
5.3.3 Competition and Resource Partitioning. ............................................152
5.4 Future Research..........................................................................................154
LITERATURE CITED ................................................................................................ 156

xi

List of Tables
Table 1.1. Predators of crayfish in the Everglades. .......................................................... 17
Table 2.1. Time intervals of data collection (survival, weight, length) for four hatches of
Everglades crayfish (P. alleni) and four hatches of slough crayfish (P. fallax)
during the 16 week experiment. H = hatch number, numbers represent total
crayfish weighed and measured, T = experiment ended. ................................ 41
Table 2.2. Survival of crayfish from four hatches of P. alleni and four hatches of
P. fallax reared in the laboratory. Regression equations were calculated for
survival of P. alleni over 16 weeks and P. fallax over 15 weeks. Using these
equations, survival of each hatch at 12 weeks was calculated. The 95
percent confidence intervals were determined from a binomial distribution
table (Steel and Torrie 1960, p. 456). Note that the ranges of the confidence
intervals do not overlap, indicating that the two samples are significantly
different (p < 0.05). .......................................................................................... 42
Table 2.3. Weight of crayfish from four hatches of P. alleni and four hatches of
P. fallax reared in the laboratory. Regression equations were calculated for
survival and weight of P. alleni over 16 weeks and P. fallax over 15 weeks.
Using these equations, the predicted number of surviving crayfish (N) and
weight of crayfish each hatch at 12 weeks were calculated............................. 43
Table 2.4. Slope, intercept, correlation coefficient (R2), standard error (s.e.) and 95%
confidence intervals (CI) for weight and total length regressions of P. alleni
and P. fallax and t test to determine significance of differences between the
regressions. All data for the 16-week rearing experiment were combined for
this analysis.. .................................................................................................... 44
Table 2.5. Total length (TL) of crayfish from four hatches of P. alleni and four hatches
of P. fallax reared in the laboratory. Regression equations were calculated
for length of P. alleni over 16 weeks and P. fallax over 15 weeks. Using
these equations and the number (N) of crayfish, the predicted TL of each
hatch at 12 weeks and the mean (± standard deviation) TL of the four
hatches was calculated.. ................................................................................... 45
Table 2.6. Summary statistics for regression analyses of weight vs length for P. alleni
and P. fallax. A. Linear regression of log transformed weight vs length of
P. alleni. B. Regression of log-transformed weight vs length of P. fallax.
C. Results of t-test to determine if regression A is significantly different
from B.. ............................................................................................................ 46
Table 2.7. Development of gonopods 1 and 2 for P. alleni and P. fallax over 16 weeks.
The number of crayfish (N) with gonopods at each week of observation was
expressed as a percentage of total number of surviving crayfish (Total N).
Gonopod mean size ± standard deviation (s.d.) and the size range were also
recorded. Results at 12 weeks are bolded for comparison (see text). ............. 47

xii

Table 2.8. Fecundity of procambarid crayfish, including P. alleni and P. fallax mothers of
test offspring, number of extruded eggs versus carapace length, color and sizes
of eggs. ............................................................................................................. 48
Table 3.1. Treatments of food, water, density and species combinations tested on the
growth and survival of P. alleni, and treatments of food, water and density
combinations tested on the growth and survival of P. fallax .......................... 89
Table 3.2. Significant (p = 0.05) and nearly significant (0.05 < p < 0.07) probability
values, as determined by analysis of variance (ANOVA), for effects of
experimental factors on angular-transformed survival and log10-transformed
length data for P. alleni (pa) and P. fallax (pf). Log10 transformed data were
also used for the principle components analysis (PCA) of P. alleni data. ....... 90
Table 3.3 A. Comparison of mean survival rates (%) and standard deviation (s.d.)
at 12 weeks, between P. alleni (pa) and P. fallax (pf) for various food
levels, water levels, density, and species treatments. The range of the 95%
Confidence Interval (CI) is shown for those comparisons that were
significantly different, based on a binomial confidence table (Steel and
Torrie 1960)..B. Summary of Survival Rates (%). Significant values
(based on ANOVA) are underlined (see test results in Table 3.2)................... 91
Table 3.4. Correlations among selected length measurements for P. alleni and
results of a principle components/factor analysis for these measurements a
principle components/factor analysis for these measurements. ....................... 92
Table 3.5 A. Comparison of mean total length (MTL in cm), range, standard deviation
(s.d.) and standard error (s.e.) of P. alleni (pa) and P. fallax (pf), influenced
by experimental variables of food, water, density, and species treatments
(competition) at 12 weeks. N12 is the number of surviving animals at 12
weeks in each treatment. Each A=5 P. alleni, each F= 5 P. fallax.
B. Summary of MTL (cm) data. Significant values are underlined
(see test results in Table 3.2)............................................................................ 93
Table 3.6. Representative densities of P. alleni and P. fallax primarily in south
Florida and the Everglades............................................................................... 94
Table 3.7. Comparison of results of survival and growth between P. alleni and
P. fallax, and relative ranges of values (higher/lower) for all tested
variables based on Tables 3.3 and 3.5.............................................................. 95
Table 4.1. Choices of vegetation or sand substrate by P. alleni and P. fallax during
morning (am) and evening (pm) observations, in treatments with no
predator. ......................................................................................................... 134
Table 4.2. Significance of comparisons between P. alleni (pa) and P. fallax (pf) in
choices of vegetation or sandy substrate, during morning (am) and
evening (pm) observations, in treatments with no predator........................... 135
Table 4.3. Behavioral responses of P. alleni and P. fallax during morning (am)
and evening (pm) observations, in treatments with no predator. ................... 136

xiii

Table 4.4. Significance of comparisons between P. alleni and P. fallax in behavior,
during morning (am) and evening (pm) observations, in treatments with
no predator. .................................................................................................... 137
Table 4.5. Choices of vegetation or sand substrate by P. alleni and P. fallax during
morning (am) and evening (pm) observations, in treatments with a caged
arthropod predator.......................................................................................... 138
Table 4.6. Significance of comparisons between P. alleni (pa) and P. fallax (pf) in
choices of vegetation or sandy substrate, during morning (am) and evening
(pm) observations, in treatments with a caged arthropod predator................ 139
Table 4.7. Behavioral responses of P. alleni and P. fallax during morning (am) and
evening (pm) observations, in treatments with a caged arthropod
predator. ......................................................................................................... 140
Table 4.8. Significance of comparisons between P. alleni (pa) and P. fallax (pf)
behavior, during morning (am) and evening (pm) observations, in
treatments with a caged arthropod predator. .................................................. 141
Table 4.9. Significance of quadrant (substrate) choices of P. alleni (pa) and P. fallax
(pf), during morning (am) and evening (pm) observations, comparing
treatments in the absence (APR) or in the presence (PR) of a caged
arthropod predator.......................................................................................... 142
Table 4.10. Ranked frequency in percent of time spent in each quadrant by all
P. alleni and all P. fallax during morning (am) and evening (pm)
observations, comparing frequencies in the absence and presence of
a caged, adult arthropod predator................................................................... 143
Table 4.11. Significance of behavior patterns of P. alleni (pa) and P. fallax (pf),
during morning (am) and evening (pm) observations, comparing treatments
in the absence (APR) or in the presence (PR) of a caged arthropod
predator. ......................................................................................................... 144
Table 4.12. Ranked frequency in percent of time spent in each behavioral response
by P. alleni and P. fallax, during morning (am) and evening (pm)
observations, comparing frequencies in the absence and presence of a
caged, adult arthropod predator...................................................................... 145
Table 4.13. Significant differences in patterns of substrate choice and behavior for
juvenile P. alleni (pa) and P. fallax (pf), during morning (am) and night
(pm) observations, in the absence (APR) and presence (PR) of a predator... 146

xiv

List of Figures
Figure 1.1. Direction of water flow in the historical Everglades, showing
relationships of flows to placement of early canals and locations where
crayfish were collected for this research. Source: based on Parker 1974. ...... 18
Figure 1.2. The modern drainage system in South Florida. The Kissimmee River
basin is the primary watershed for Lake Okeechobee, which in turn
provides flow into the northern edge of the Everglades. The remaining natural
Everglades has been compartmentalized by levees and canals
into five water Conservation Areas (WCA-1, WCA-2A, WCA-2B,
WCA-3A and WCA-3B) and Everglades National Park (ENP).
Source: Gleason 1984. ..................................................................................... 20
Figure 1.3. A. Range of P. alleni (Hobbs 1942). B. Range of P. fallax (shaded area
from Hobbs 1942) and extensions of the range into: 1. northeastern Dade
County (Rudolph 1985); 2. eastern Collier, western Dade and northern Monroe
Counties (Hendrix and Loftus 2000), and 3. Water Conservation Area 2A in
Broward County (VanArman and Shuford personal
observation 2000)............................................................................................. 19
Figure 2.1. Features of crayfish such as were used in these experiments. A. Ventral
view indicates locations of reproductive features. B. Dorsal view shows
dimensions that are typically measured on crayfish. ....................................... 49
Figure 2.2. Secondary sex characteristics of Procambarus alleni and Procambarus
fallax. A. Gonopod 1 of male P. alleni (Hobbs 1989). B. Ventricular
annulus of female P. alleni (Hobbs, 1989) and ventral shield (VanArman
unpublished). C. Gonopod 1 of male Slough crayfish (Hobbs 1989).
D. Ventricular annulus of female P. fallax (Hobbs, 1989) and ventral
shield (VanArman unpublished). .................................................................... 50
Figure 2.3. Percent survival of juvenile crayfish (A) from four hatches (1, 2, 4
and 5) of P. alleni and (B) from four hatches (1, 2, 3 and 4) of P. fallax
during a 15-week and 16-week rearing experiments. ...................................... 51
Figure 2.4. Change in weight over time of juvenile crayfish from (A) four hatches
(1, 2, 4 and 5) of P. alleni and (B) four hatches (1, 2, 3 and 4) of
P. fallax during 15 and 16-week rearing experiments. .................................... 52
Figure 2.5. Change in length over time of juvenile crayfish from (A) four hatches
(1, 2, 4 and 5) of P. alleni and (B) four hatches (1, 2, 3 and 4) of
P. fallax during 15 and 16-week rearing experiments. MTL = mean
total length........................................................................................................ 53
Figure 2.6. Results of regression analysis of log-transformed weight vs length data
for A. P. alleni and B. P. fallax ....................................................................... 54
Figure 3.1. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high and
low feeding levels during the 12-week experiment. Vertical bars indicate
standard error of the mean. .............................................................................. 96
xv

Figure 3.2. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high, low
and drying water level regimes during the 12-week experiment. Vertical
bars indicate standard error of the mean. ........................................................ 97
Figure 3.3. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high and
low density conditions during the 12-week experiment. Vertical bars
indicate standard error of the mean.................................................................. 98
Figure 3.4. Percent survival of crayfish (A = P. alleni; B = P. fallax) at different
levels of intraspecific (AA and AAA) and interspecific (AF and AFF)
competition, relative to controls (A) during the 12-week experiment.
Vertical bars indicate standard error of the mean. ........................................... 99
Figure 3.5. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different food levels during the 12-week experiment. Vertical bars
indicate standard error of the mean................................................................ 100
Figure 3.6. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different water level regimes (high water, low water and drying) during
the 12-week experiment. Vertical bars indicate standard error of the
mean. .............................................................................................................. 101
Figure 3.7. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different densities (high = 15 crayfish, low = 10 crayfish) relative to
controls (5 crayfish) during the 12-week experiment. Vertical bars
indicate standard error of the mean................................................................ 102
Figure 3.8. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different levels of intraspecific (AA and AAA) and interspecific (AF
and AFF) competition, relative to controls (A) during the 12-week experiment.
Vertical bars indicate standard error of the mean. ......................................... 103

xvi

List of Plates
Plate 1.1. Adult crayfish from southern Florida. A. P. alleni (Everglades crayfish)
and B. P. fallax (slough crayfish) .................................................................... 21
Plate 1.2. Crayfish burrows A. P. alleni (Everglades crayfish) and B. P. fallax
(slough crayfish)............................................................................................... 22
Plate 1.3. Collecting areas for adult crayfish used in this research. A. Grassy Waters
Preserve (City of West Palm Beach). B. Marsh within J.W. Corbett Wildlife
Management Area. C. Pond within J.W. Corbett Wildlife Management
Area. ............................................................................................................... 23
Plate 2.1. Identification based on morphology of adult crayfish. A. “Headlights.” B.
Gonopods of P. fallax (slough crayfish). C. ventricular annulus and butterflyshaped ventral shield of P. alleni (Everglades crayfish). D. ventricular
annulus and Y-shaped ventral shield of P. fallax............................................. 55
Plate 2.2. Rearing experiment containers, set-up and hatchlings .................................... 56
Plate 3.1. Author measuring and weighing crayfish during the ecology experiment. ... 104
Plate 3.2. Ecology experiment tanks and setup.............................................................. 105
Plate 4.1 Behavior experiment....................................................................................... 147

xvii

CHAPTER 1. INTRODUCTION
1.1 Overview
Crayfish, fish, and insects comprise three groups of organisms that are important
members of food webs in most North American freshwater aquatic ecosystems. Among
those three groups, crayfish have received the least attention from biologists and resource
managers (Lodge et al. 2000). In fact, crayfish serve as keystone species in freshwater
ecosystems (Holdich 2002), where they dominate energy and nutrient flow (Momot
1995). These decapod crustaceans represent a majority of the invertebrate biomass in
freshwater ecosystems, yet they are almost completely overlooked in conservation efforts
(Crandall 1996). They have an important biological impact on biomass and composition
of primary producers and consumers (Holdich 2002), that influences all community
trophic levels top–down and bottom-up (Lorman and Magnuson 1978; Momot 1995;
Jordan 1996).
Interest in crayfish is often tied closely to commercial aspects of crayfish culture. For
example, the red swamp crayfish (Procambarus clarkii) is the most thoroughly studied
procambarid species because it is the most important commercial crayfish species in the
world (Huner 2002). The only known native epigean (living above ground) crayfish
species in south Florida, Procambarus (Leconticambarus) alleni (Faxon) 1884
(Everglades crayfish) and Procambarus (Ortmannicus) fallax (Hagen) 1870 (slough
crayfish) (Plate 1.1) have not been extensively cultured for commercial use. Biological
and ecological studies of crayfish in south Florida have received sparse previous interest
until recently, when their importance in Everglades food webs generated much needed
attention.
A portion of the Everglades that is protected within Everglades National Park (ENP)
has been designated as a World Heritage Site, an International Biosphere Reserve, and a
Ramsar Convention Wetland of International Importance (Davis and Ogden 1994).
Conflicting needs of humans and wildlife for basic requirements of food, shelter, flood
protection, and water supply have caused a crisis that threatens the Everglades ecosystem.
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Davis and Ogden identified three major problems facing conservation, restoration, and
management within Everglades wetlands: reduction of geographic extent, alterations of
spatial and temporal patterns of major physical driving forces (hydrology, fire, and
nutrient supply), and biological changes to distribution, abundance, and composition of
Everglades wildlife communities. All three of these primary issues affecting Everglades
wetlands will be related to the current research, but experimentation will focus on the
biology and ecology of highly neglected, probably keystone, species of epigean crayfish
in Everglades food webs, Everglades crayfish and slough crayfish.
1.2 Changes in Everglades Environments over the Past 100 Years
100 years is a short time in the geologic history of Florida, and certainly in the
evolutionary history of crayfish. The Everglades has undergone drastic changes during
this period that affect how these two species co-occur in south Florida. Since crayfish are
key species in the Everglades ecosystem, a shift in population balance may have
significant effects on community structure of flora and fauna and trophic relationships.
1.2.1 Reduction in Geographic Extent and Alterations in Hydrology
The historic Everglades, located in southern Florida, encompassed approximately
10,500 km2 of wetland mosaic landscape in the 1880’s (Gunderson 1992) (Figure 1.1).
The ecosystem has been reduced by half during the ensuing 100+ years, due to land uses
of agriculture and urban development, and compartmentalization creating the Everglades
Agriculture Area (EAA), remaining natural systems of Water Conservation Areas
(WCA), and Everglades National Park (ENP) (Figure 1.2). These natural systems are
managed by a variety of governmental agencies: South Florida Water Management
District (SFWMD), Department of Environmental Protection (DEP), ENP, United States
Fish and Wildlife Service (USFWS), and the Florida Fish and Wildlife Conservation
Commission (FWC) (Gunderson 1992; Davis and Ogden 1994; SFWMD 2000).
Although serious attempts at developing Everglades swamps began with drainage
programs in the 1880’s, the earliest comprehensive examination of the influences of
water management did not occur until the 1940’s (Sklar et al. 2002). Drainage features,
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such as levees, canals, gates and pumps, were constructed by water managers in the
interior of the Everglades to provide flood protection and water supply. These types of
physical structures continue to proliferate and evolve in reaction to supply and demand
determined by political policies. Major connecting roads between the east and west coasts
of southern Florida, Tamiami Trail (US 41) and Alligator Alley (I-75), blocked the
natural flow of Everglades waters. Subsequently, reduction in physical extent of land,
coupled with demands for additional drainage and flood protection, resulted in physical
and hydrological separation of surface waters in the Everglades from Lake Okeechobee
and from most of the northern Everglades in Palm Beach and Martin Counties, which
included crayfish collection sites for the current research (Figure 1.1).
Historically, beginning with the Kissimmee River, water flowed south into Lake
Okeechobee, then overflowed its southern rim into the sawgrass prairies of the northern
Everglades (KOE), working as one hydrological unit (Parker 1974; Gunderson and
Loftus 1993; Light and Dineen 1994; Lodge 1998) (Figure 1.2). Light and Dineen (1994)
concluded that water management practices resulted in loss of transitional glades, or short
hydroperiod wetlands, reduction of hydroperiods due to drainage and modification of
flow pattern, and unnatural pooling (creation of permanent deep water ponds and
sloughs) caused by construction of canals and levees. For instance, WCA 1 (Jelks et al.
1992), 2A, and 3A (Sklar et al. 2002) are drier in the northern portions than in the south.
Runoff from these areas is the primary source of surface water inflow to the southern
Everglades.
Within Palm Beach County, Grassy Waters Nature Preserve (the water catchment
area for the city of West Palm Beach, formerly known as the Loxahatchee Preserve
Nature Center), J. W. Corbett Wildlife Management Area, and DuPuis Management Area
were historically connected to Everglades marshes on a seasonal basis (Figure 1.1).
Beginning in 1947, construction of the L-8 drainage canal and roads (Beeline Highway
and Northlake Boulevard) severed these areas from connecting sloughs to the Everglades.
Hydrologically, both DuPuis, located at the western end of J. W. Corbett Wildlife
Management Area, and J. W. Corbett Wildlife Management Area fed into the
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Hungryland Slough, which drained into the Loxahatchee Slough. In turn, the
Loxahatchee Slough connected Grassy Waters to the Loxahatchee River on the north, but
occasionally discharged into the northeastern edge of WCA-1 (Arthur R. Marshall
Loxahatchee National Wildlife Refuge [ARM-LNWR]) on the south. Grassy Waters and
WCA-1 waters were connected through Big Blue Trace and other wetlands that are now
parts of the urban communities of Royal Palm Beach and Wellington. Currently, natural
water flow is more or less restricted within each preserve.
1.2.2 Effects of Alterations of Hydrology, Fire, and Nutrients on Flora and Fauna
Source, nutrient status, timing, duration, and delivery of water influences
biogeochemical processes in soils and water, physiological processes of plant growth and
decomposition, and reproduction and dynamics of fauna (Gunderson and Loftus 1993;
Sklar et al. 2002). Hydrological effects on vegetation may be difficult to determine, but
prolonged exposure to wet conditions and nutrient enrichment cause a decline in plant
community heterogeneity. As a result, the availability of macrophytes as food and shelter
for aquatic animals such as crayfish and prawns, aquatic productivity, and wading bird
feeding habitat are altered (Davis and Ogden 1994; Jordan 1996; Sklar et al. 2002).
Shortened hydroperiod (duration of inundation) in deeper peatland and lowered
groundwater levels in higher rocky glades have probably reduced dry season survival
capacity of invertebrates and fish in these two landscapes (SFWMD 2000; Sklar et al.
2002).
Drainage also alters impacts from fire considerably, so that seeds and roots in the soil
may be destroyed (Ewel 1990), as well as vegetation needed for food and shelter from
predators (Wade et al. 1980). Replacement vegetation may consist of exotic, nuisance, or
successional plants that supplant habitat for native wildlife. Nutrient enrichment from the
EAA to the northwest and prolonged inundation, due to sub-optimal water management
procedures, are responsible for large scale conversions of natural sawgrass marshes into
cattail dominated communities in WCA 1 (Jelks et al. 1992) and loss of tree islands in
WCA 2 and WCA 3 (Dineen 1972; Sklar et al. 2002). Tree islands provide habitat for
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crayfish (Brandt et al. 2002) and support twice as many species of birds than other
Everglades habitats (Sklar et al. 2002).
Wading birds are probably the best studied fauna in the Everglades (Gunderson and
Loftus 1993). An estimated loss has occurred of about 90% of the Everglades bird
populations relative to the 1930’s (Frederick and Collopy 1989), due to changes in
hydroperiod (Dineen 1972; Light and Dineen 1994). Avians are useful indicators of
alterations in water quality and quantity in the Everglades, because of their close
relationship to the conditions in the wetlands (Jelks et al. 1992), and the close
dependency of many species of birds on crayfish and fish as part of their diet (Table 1.1).
1.3 Role and Importance of Crayfish in the Everglades
1.3.1 Ecological Influences of Crayfish on Flora and Fauna
The roles of crayfish as herbivores and detritivores have been well documented for
commercial species (Lorman and Magnuson 1978; Momot et al. 1978; Nystrom 2002).
Crayfish reduce and consume aquatic vegetation (Abrahammson 1966; Feminella and
Resh 1989; Matthews et al. 1993), including periphyton (Lodge and Hill 1994;
Charlebois and Lamberti 1996; Nystrom et al. 1999; Turner et al. 1999), and can alter
habitat and influence species composition of flora and fauna that inhabit Everglades
wetlands. On the positive side, the decomposition rate of detritus is enhanced through
crayfish fecal pellets, which change detrital chemical composition, resulting in release of
elements required for growth by producers. Pellets provide surface area for leaching and
for microbial colonization (Lorman and Magnuson 1978). Through enzymatic activity,
microbially conditioned plant material enhances some crayfish feeding activities (Hazlett
1994; Ilheu and Bernardo 1995).
The influence of crayfish on community structure as carnivorous predators has
received little attention until recently (Perry et al. 1997). A growing list of crayfish prey
items includes leeches, tadpoles (Abrahamsson 1966; Lorman and Magnuson 1978), eggs
and fry of fish (Savino and Miller 1991; Miller et al. 1992) and eggs of amphibians
(Gamradt and Kats 1995). These arthropods also influence dynamics of molluscan
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grazers (Hanson et al. 1990; Weber and Lodge 1990; Hazlett 1994; Martin and Corkum
1994; Perry et al. 1997; Brown 1998; Stewart et al. 1998; Nystrom et al. 1999), including
some species that inhabit Everglades marshes. Hobbs (1993) more thoroughly reviewed
polytrophism by including crayfish roles of predator and prey in aquatic systems.
As important intermediates in food webs, crayfish form some component of the diet
of many fish, amphibians, reptiles (including the keystone American alligator, Davis and
Ogden 1994), wading birds and small mammals that inhabit the Everglades (Table 1.1).
Many of these species are threatened, endangered, or of special management concern
(Rhoads 1970, 1976; Conover and Reid 1972; Kushlan and Kushlan 1979; Franz and
Franz 1990; Davis and Ogden 1994; Jordan 1996; McCormick et al. 1999; Hendrix
2000). Growth and survival of juvenile wading birds, such as white ibis, great egrets,
tricolor herons, and little blue herons may be reduced if crayfish and other alternative
prey are not available (Davis and Ogden 1994). Armstrong et al. (2000) noted that white
ibis feed on crayfish almost exclusively during nesting, and that foraging flight distance
is reduced when crayfish are available locally.
Crayfish are important “bioengineers” in the Everglades because their elaborate
burrows provide refugia during drought for a variety of aquatic microinvertebrates
(Creaser 1931; Conover and Reid 1972; Hobbs 1991), macroinvertebrates (arachnids),
fish (Gambusia affinis), and amphibia (Rana spp.) (Rhoads 1970; Huffman 2001). Young
crayfish are more carnivorous than adults (Momot 1995; Whitledge and Rabeni 1997)
and it is probable that some of these organisms serve as their prey.
1.3.2 Colonization of the Everglades Ecosystem, Geographic Ranges, and
Invasion by Slough Crayfish
Hobbs (1942) provides the most complete description of the colonization of the state
of Florida by crayfish and the range for each species (Figures 1.3 A and B). He
hypothesized that the Everglades crayfish was a relict species, ancestors of which
possibly migrated into Florida two million years before present, prior to entry by the
slough crayfish. North American members of family Cambaridae, including the genus
Procambarus, originated approximately 66 million years ago on or near the Cumberland
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Plateau (the southwest section of the Appalachians extending along the VirginiaKentucky border), from salt and brackish water environments (Payne 1996). Adaptive
radiation then led to colonization of fresh water and migration of Everglades and slough
crayfish into Florida from the northwest (Hobbs 1942). The current distribution of
epigean crayfish in south Florida probably reflect colonization following the last major
inundation of the Florida platform by seawater 100,000 years ago and the subsequent
formation of the extensive Everglades wetland ecosystem during the past 5,000 years.
In Florida, there are 50 species of crayfish (Franz and Franz 1990), and the
Everglades crayfish are the most widely spread of the 30 endemic species. The range of
Everglades crayfish is limited to Levy and St. Johns Counties to the north and includes all
areas south of Hernando and Orange Counties. The southern range extends into Florida
Bay (Tabb et al. 1962), and along the east coast of Florida to Big Pine Key (Figure 1.3 A)
(Hobbs 1942). Slough crayfish occur in swamps of southern Georgia (Hobbs 1942;
Mauro and Moore 1987), were reported as far south as central Palm Beach County (WCA
1), and across the state of Florida northwest to Hillsborough County (Figure 1.3 B)
(Hobbs 1942). The most recent reviews regarding the distribution of Florida’s crayfish
(Hobbs 1989; Franz and Franz 1990) probably do not accurately reflect current
distributions of either Everglades or slough crayfish.
Everglades and slough crayfish are often found in similar habitats, and share
sympatric and syntopic ranges (Hobbs 1942) in the southern Everglades (Hendrix 2000;
Hendrix and Loftus 2000), and in other areas of southern Florida (Huffman personal
communication 2002; VanArman unpublished). Everglades crayfish prefer short
hydroperiod wetlands and slough crayfish usually prefer more permanent, deeper bodies
of water (Hobbs 1942; Hendrix 2000). Based on overlap of the ranges of Everglades and
slough crayfish, Hobbs (1942) noted that slough crayfish could be an invading species
and that it might be the more successful competitor against Everglades crayfish.
Hobbs (1942) collected slough crayfish from the northern Everglades in WCA-1, but
not further south. Slough crayfish have been captured in canals south of WCA 1
(Rudolph 1985) and in the southern Everglades (Hendrix 2000; Hendrix and Loftus
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2000), since at least 1985, and possibly as early as 1954. In a study that began in 1954,
Ligas (1963) assumed that Everglades crayfish were the prey of choice of the crayfish
bullfrog (Rana grylio), however, recent dietary studies show that this frog primarily
prefers slough crayfish (Ugarte and Rice 2001). There is a distinct possibility that early
researchers assumed that they were studying Everglades crayfish and made no attempt to
identify crayfish to species (Ligas 1963).
How long have Everglades and slough crayfish co-occured in the southern
Everglades? The Everglades crayfish has often been referred to as the only crayfish
inhabiting the Everglades, whereas the presence of the slough crayfish has rarely been
mentioned. Information from the literature suggests that either the slough crayfish has
been present for some time, but was not accurately identified, or it is a recent immigrant.
Everglades and slough crayfish have probably been interacting for a longer period of time
in the northeastern Everglades than in the southern Everglades. These arthropods share
generic characteristics, but are not closely related as species (Hobbs 1942). In physical
appearance, Everglades and slough crayfish resemble each other so closely that they may
have been incorrectly identified in some previous studies (Hendrix and Loftus 2000).
Because these two crayfish species differ in ecological traits, their distribution has
probably been influenced by water management practices in the Everglades. Construction
of canals and impoundments in the Everglades, beginning in the early 1900’s and
culminating with completion of the major features of the Central and Southern Florida
Flood Control project in 1970’s, resulted in loss of short hydroperiod wetlands, reduction
of hydroperiods, drying of wetlands, and unnatural pooling (creation of permanent deep
water ponds, sloughs, and canals) over large areas that historically were subject to
seasonal flooding and drying (Light and Dineen 1994). Recent structural changes and
associated water management practices have resulted in hydrological conditions that
could have promoted the relatively recent colonization of the Everglades by slough
crayfish. Deep water canals, drainage ditches, and the formation of deep-water sloughs at
the southern ends of the conservation areas facilitated the distribution of slough crayfish
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by providing an interconnected network of extensive long hydroperiod habitat in areas
that historically may have been dry for several months each year.
Due to easier access and proximity to major research institutions, the southern
Everglades, in general, have been studied more extensively than the northern Everglades,
although until very recently, crayfish apparently have not been extensively studied
anywhere in this system.
1.3.3 Effects of Hydroperiod on Crayfish Survival Strategies
Choices of wetland habitat in the Everglades ecosystem by crayfish may be
determined by differences in hydroperiod regimes (Hendrix 2000; Hendrix and Loftus
2000) and vary by life history stage and season (Hendrix 2000). Everglades crayfish more
often are captured in short hydroperiod wetlands, whereas slough crayfish prefer longer
hydroperiod, deeper bodies of water. Everglades and slough crayfish seem to react
differently to seasonal changes in hydrological conditions
Everglades crayfish have often been observed migrating overland (Hobbs 1942;
Rhoads 1970; Wygoda 1981), but this behavior has rarely been observed in populations
of slough crayfish (Hobbs 1942). Little is known about the mechanisms driving
migration, other than large scale movement of this type is probably tied to survival
strategies in times of stress, such as changes in food availability, water quality and
quantity, or crowding (Rhoads 1970; Hendrix 2000; Acosta and Perry 2001). During
times of seasonally low water levels, slough crayfish simply move into deeper waters
(Hobbs 1942).
An additional strategy in surviving seasonal environmental disturbances is the
construction of burrows. The presence of burrows in the fossil record has provided clues
about paleoclimatic influences, dating to 245 million years before present, that affected
crayfish evolution, distribution, and abundance (Ortmann 1902; Hobbs 1942; Hasiotis
1993; Babcock et al. 1998). Tunnels developed by modern crayfish can yield biological
and hydrological information similar to that learned from ancient burrows, in which
architecture and length reflect morphology, substrate composition, life history of the
9

inhabiting crayfish, and local and regional hydrologic regimes (Hasiotis and Honey
1995).
Crayfish differ in their propensity to build burrows, and the design and complexity of
burrows vary among crayfish species. Burrows produced by Everglades crayfish often
include a central shaft up to nearly one meter in depth, with attached side tunnels and
chambers (Rhoads 1970; Huffman 2001) (Plate 1.2 A). Such excavations are probably
created in an effort to stay at or near the water table during seasonal water level
fluctuations. Burrows provide a more secure location for mating and for protection of
young by berried females (Rhoads 1970, 1976). Hatchlings of Everglades crayfish may
remain in the burrow until water levels rise during the rainy season. At that time, crayfish
repopulate the marsh in greater numbers than before the rainy season (Rhoads 1970,
1976; Milleson 1976), with total density correlated to water level (Katz 1966; Godley
1980) and fluctuating hydrological conditions (Kushlan and Kushlan 1979). Everglades
crayfish have been classified as secondary burrowers, in that they occupy burrows, but
wander into open water during the rainy season (Hobbs 1942).
Slough crayfish are classified as tertiary burrowers, because they burrow sometimes
during times of drought (Hobbs 1942). The single-shafted tunnels constructed by slough
crayfish are usually less than 10 cm deep, may be vertical or horizontal, and may include
a small attached side chamber (VanArman unpublished) (Plate 1.2 B). Slough crayfish
most likely mate in vegetation (Hendrix 2000), where young have ample supplies of food
and immediate, effective hiding places from predators.
1.4 Studies of Crayfish in Florida, with Emphasis on the Everglades
Major reasons for the scarcity of studies on Everglades fauna include lack of access
into the interior of the Everglades (Gunderson and Loftus 1993), the dangers of
subtropical climatic conditions, and difficulties associated with systematic sampling in
highly variable wetland environments. Investigation of crayfish in nature is difficult,
because populations must be located, sites must be accessible, and burrowing crayfish
must sometimes be dug out of the ground. In lower latitudes, including the Everglades,
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several studies have been conducted on the ecology and biology of crayfish (Caine 1978;
Franz and Franz 1990; Rader 1994), which are regarded as important links and key
trophic species in Everglades food webs (Kushlan and Kushlan 1979; Davis and Ogden
1994; Robertson and Frederick 1994; Acosta and Perry 2001). Within Everglades
environments, Everglades crayfish and the prawn or grass shrimp (Palaemonetes
paludosus) form the known epigean decapod crustacean component of the community
(Jordan 1996), to which slough crayfish have recently been added.
Recognition that crayfish are of critical importance in south Florida and within
Everglades ecosystems is gaining support by researchers. Everglades crayfish have been
proposed for use as an indicator species to monitor the progress of Everglades restoration
programs (Kushlan and Kushlan 1979; Acosta and Perry 2001), and in the
Comprehensive Everglades Restoration Program Across-Trophic Level System
Simulation modeling program (Hendrix 2000; SFWMD 2000). Crayfish inhabiting south
Florida have primarily been examined as bio-indicators for assessment of hydrology
(Jelks et al. 1992; Acosta and Perry 2000a, 2000b, 2001; Hendrix and Loftus 2000;
Huffman 2001), effects of fire (VanArman and Goodrick 1979), and nutrient enrichment
(Rader and Richardson 1994), as intermediates in food webs (Franz 1977; Godley 1980;
Kushlan et al. 1986; Frederick and Spalding 1994; Rader 1994; Jordan 1996; Ugarte and
Rice 2001), and as an ecosystem component in community sampling studies (Tabb et al.
1962, 1963; Katz 1966; Milleson 1976; Rudolph and Deis 1980; Rudolph 1983, 1985;
Rudolph and Strom 1990; O’Hare and Dalrymple 1997). Investigations directly
concerning the biology and ecology of epigean crayfish in south Florida have
concentrated on Everglades crayfish (Bovbjerg 1956, 1959; Davison 1956; Rhoads 1970,
1976; Conover and Reid 1972; Kushlan and Kushlan 1979; Godley 1980; Wygoda 1981;
Jordan 1996; Jordan et al. 1996a; Jordan et al. 1996b), but Everglades crayfish have been
compared with slough crayfish in only two previous studies (Hendrix 2000; Hendrix and
Loftus 2000).
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1.5 Interactions between Biotic and Abiotic Factors
The sparse information available concerning the life history of Everglades and
slough crayfish has focused on adults, leaving critical gaps in knowledge of the biology
and ecology of juvenile crayfish. Abundance, distribution, size, and stage of life cycle
determine the availability of these arthropods as food, and their influence on community
structure. Primary structuring forces of communities, as well as in subtropical wetlands,
include biotic factors such as competition, density, and predation, and abiotic factors of
food, water quality and quantity, substrate and weather (Darwin 1859; Andrewartha and
Birch 1954; Hutchinson 1959; Anderson and Kikkawa 1986; Schoener 1986; Underwood
1986; Hart 1992; Lodge and Hill 1994; Soderback 1995; Nystrom 2002).
There is ongoing debate about which biotic or abiotic factor influencing animal
distribution and abundance is the most influential on community composition and
development (Hutchinson 1959; Levin 1970, 1974; Sousa 1979; Armstrong and
McGehee 1980; Connell 1983; Schoener 1983; Paine 1984; Hairston 1989; Brewer
2000). Competitive responses, involving agonistic bouts for food and shelter, as well as
reproductive strategies, are often perceived as the most important controlling processes in
animal populations. These responses, in turn, influence species distributions. population
dynamics, and community structure (Anderson and Kikkawa 1986). The impact of
abiotic variables on community structure was first formally described by Whittaker
(1967), even though some classical studies that emphasized the role of environmental
factors in highly different ecosystems were conducted earlier on the distribution of desert
thrashers (Aves) (Grinnell 1918), on distribution and activity of marine plankton (Riley
1947; Hutchinson 1961), and on barnacles (Connell 1961). Disturbances in abiotic
conditions lead to increased diversity in intertidal ecosystems (Hamilton 2000), as well as
in freshwater habitats in the Everglades (Rhoads 1970; Kushlan and Kushlan 1979).
Few studies have attempted to test the integrative role of biotic and abiotic factors on
interspecific interactions, but McPeek (1996) linked local species interactions with
biogeographical processes that influence speciation. The use of multifactorial models
resurged in the 1980’s as a result of a shift in thinking by ecologists concerning the value
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of integrating biotic and abiotic factors in investigations of forces that controlled
community patterns (Dunson and Travis 1991; Hart 1992; Lodge and Hill 1994).
Although the accuracy of observations obtained by ecologists through experimentation is
usually conceded, the crux of this lingering debate centers on the interpretations and
relevance of the data (Hairston 1989).
Understanding complex interactions between spatial variability and temporal
changes in biology and ecology provides insight into community structure (Underwood
1997), and is sadly lacking in regards to one of the most unique ecosystems on earth,
Florida’s Everglades.
1.6 Present Research
1.6.1 Format of Dissertation Research
In Chapter 1, Introduction, problems facing restoration of the Everglades decreased geographical extent of land, alterations in hydroperiod, and impacts on flora
and fauna - have been discussed (Gunderson 1992; Gunderson and Loftus 1993; Davis
and Ogden 1994; Light and Dineen 1994), with special emphasis on understanding the
crucial, but long neglected, polytrophic roles played by crayfish in all ecosystems in
which they occur, including Everglades environments. Natural preserves in Palm Beach
and Martin Counties, from which most of the adult crayfish were collected in order to
produce young for the current research, were historically connected to Everglades
wetlands. Colonization of the Everglades by epigean crayfish was mentioned above, as
well as the effects of hydrology on differences in survival and reproductive strategies of
Everglades and slough crayfish.
Growth and maturation of hatchlings of both species under similar conditions, up to
three months old, were compared in Chapter 2. The effects of biotic factors (density and
intra-and interspecific competitive interactions) and abiotic factors (differences in water
levels and food availability) on growth and survival of juvenile Everglades and slough
crayfish were examined in a multifactorial experiment and are presented in Chapter 3. In
this multifactorial experiment, it was assumed that the slough crayfish was an invading
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species into southern Everglades environments. In the final experiment, Chapter 4, the
effects of the presence of an arthropod predator on behavior and substrate choice on both
species of crayfish were observed. A summary of results and information from Chapters
1 through 4, delineating aspects of early growth and maturity, effects of food availability,
hydrology, density, and competitive reactions on growth and survival, and the effect of an
arthropod predator on behavior and choice of substrate of Everglades and slough crayfish
is presented in Chapter 5, followed by conclusions regarding the role of juvenile crayfish
in wetland environments of southern Florida and the Everglades. Tables, figures, and
plates are located at the end of each chapter and references are listed following Chapter 5.
1.6.2 Goals of the Present Research
The presence of the adult generation depends on the ability of hatchlings to grow to a
stage where they can successfully reproduce, therefore, it is imperative to study the
biology and ecology of young crayfish of both species. Little information is currently
available concerning juvenile Everglades and slough crayfish (Bovbjerg 1959; Rhoads
1970, 1976; Godley 1980; Hendrix 2000); therefore, the goal of this research was to
provide comparative information on juveniles, under laboratory conditions, to more fully
understand the life cycles and ecology of both species.
1.6.3 Importance of this Research to Ecosystem Restoration
Restoration efforts in the Everglades have focused on correcting the impacts caused
by diversion of water to residential, agricultural and commercial interests and the
discharge of contaminated runoff from developed regions back into natural environments.
Historically demands for water supply and flood protection have dominated the strategies
of water managers, with less regard for wildlife and vegetation. Recent restoration efforts
are based on the assumption that if hydrology is restored to natural conditions, then reestablishment and integration of plant and animal communities necessary for the
functioning of a healthy ecosystem will also occur. Information from this research
regarding the growth, maturity, interaction of biotic and abiotic factors, and the influence
of predators on choice of substrate and behavior of Everglades and slough crayfish, will
help researchers and water managers understand the critical importance of these species
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in floral and faunal community structure, promotion of biodiversity, and as indicators of
hydrologic conditions within the Everglades ecosystem. Tools that develop predictions of
individual species and community structure responses, such as the Across-Trophic Level
System Simulation models (Hendrix 2000) that are used to evaluate Everglades
restoration strategies (Acosta and Perry 2000b), depend on accurate baseline data like
those collected during this research.
1.7 .Description of Crayfish Collection Areas
Adult crayfish were collected from the following natural areas in order to provide
hatchlings and juveniles for all three experiments conducted during this research (Figure
1.1). Habitats in which slough crayfish were collected within Grassy Waters Nature
Preserve (26o48’ N, 080o10’ W) (Plate 1.3 A), consisted mainly of Everglades type
marshes with substrates composed of Arents-Urban land complex and Hallandale sand
soil types (USDA 1978). Cladium jamaicense (sawgrass) lined the north and western
marsh boundaries, Taxodium spp. (cypress) lined the shore areas on the east, and the
southern boundary entrance was composed of a sand ridge flanked by a mix of a few
cypress and Annona glabra (pond apple). Marsh vegetation included Utricularia spp.
(bladderwort), Bacopa carolineana (water hyssop), Ludwigia spp. (water primrose),
Pontederia cordata (pickerelweed), Sagittaria lanceolata (arrowhead), and Eleocharis
spp. (spikerush). Water depths ranged from several cm in the dry season to about 40 cm
in the wet season, with an average depth of 25-30 cm.
Both Everglades and slough crayfish were collected at J. W. Corbett Wildlife
Management Area (26o56’ N, 080o34’ W) (Plate 1.3 B and C) and at DuPuis
Management Area (26o55’ N, 80o32’ W). Both sites consisted of plant communities
comprised of pine flatwoods, oak hammocks, seasonal wetland marshes and permanently
flooded rockpits, ponds, and canals. DuPuis overlies limestone bedrock covered by
Hallandale and Riviera sands (USDA 1978). Crayfish were collected from DuPuis in two
different habitats. Everglades crayfish were collected in a seasonal wetland of no more
than 15 cm depth, in which the dominant vegetation was Ludwigia spp. (water primrose),
and scattered, small pockets of submerged B. carolineana. Slough crayfish were collected
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from the shoreline of a nearby pond at depths ranging from about 30 to 60 cm of water.
The landward shore of the pond was lined with Cephalanthus occidentalis (button bush),
Myrica cerifera (wax-myrtle), Salix spp. (willow), Hydrocotyl umbellata (water
pennywort), whereas Eichhornia crassipes (water hyacinth), Alternanthera philoxeroides
(alligator weed), B. carolineana, Ludwigia spp., and P. cordata composed the dominant
aquatic vegetation in the littoral zone.
Both species were collected at J. W. Corbett Wildlife Management Area in syntopic
distribution from the same wetland habitat, in about 40 cm of water. The landward side of
this wetland was vegetated by C. occidentalis, M. cerifera, Salix spp., A. glabra, and a
few Melaleuca quinquenervia (melaleuca) and Chrysobalanus icaco (cocoplum). Aquatic
vegetation in the wetland prairie was comprised of a mixture of Eleocharis spp.
(spikerush), Rhynchospora sp. (beak-rush), and Panicum hemitomon (maidencane) in the
central area of the marsh and B. carolineana, S. lanceolata, and P. cordata scattered
around the edges of the marsh. About 0.4 km to the east of the youth camp, is a small
lake in which only slough crayfish were collected, at a depth of about 15 cm. Aquatic
vegetation along the lake shore included P. hemitomon, B. carolineana, and Ludwigia
spp.
Richloam, one of two state fish hatcheries, is located in Pasco County, near Webster,
Florida (28o27’ N, 82o06’ W), and provided an additional source of Everglades crayfish
from the Little Withlacoochee River watershed. Everglades crayfish were collected from
521 m2 rearing ponds at a typical depth of about 10 to 30 cm. Wetland vegetation present
included Chara spp. (musk-grass), Ludwigia spp., B. carolineana, Polygonum spp.
(smartweed), Panicum spp., Juncus spp. (rush), H. umbellata, and Rhynchospora spp.
Plant identifications were determined from standard references (USACE 1977; Dressler
et al. 1987).

16

Table 1.1. Predators of Crayfish in the Everglades.
Scientific Name

Common Name

Species of
Concern**

FISH
Archosargus probatocephalus sheepshead
sea catfish
Arius felis
snook
Centropomus undecimalis
bullhead catfish
Ictalurus spp. (natalis)
Florida spotted gar
Lepisosteus platyrhincus
warmouth
Lepomis gulosus
grey snapper
Lutjanus griseus
largemouth bass
Micropterus salmoides
speck; black crappie
Pomoxis nigromaculatus
AMPHIBIA
2-toed amphiuma
Amphiuma means
Everglades crayfish bullfrog
Rana grylio
REPTILES

Reference
Odum 1970
Odum 1970
Tabb 1963; Odum 1970
Tabb 1963; Katz 1966; Hendrix 2000
Hunt 1952
Hendrix 2000
Odum 1970
Chew 1974; Jordan et al. 1996b
Conover and Reid 1972
Ewel 1990
Ligas 1963; Kushlan and Kushlan 1979

threatened Fogarty and Albury 1968; Kushlan and
special concern Kushlan 1979
Neill 1951
Franz 1977; Godley 1980

*Alligator mississippiensis

alligator (juvenile)

Natrix spp.
Regina alleni
BIRDS
Ajaja ajaja
*Ardea alba
Ardea herodias

Water snakes
striped crayfish snake
roseate spoonbill
great egret
great blue heron

Botaurus lentiginosus

American bittern

Butorides virescens
Buteo lineatus
Casmerodius alba
*Egretta caerulea
Egretta thula

green heron
red-shouldered hawk
American egret
little blue heron
snowy egret
tri-colored heron (Louisiana
special concern Rhoads 1970; Frederick and Spalding 1994
heron)
Kushlan and Kushlan 1979; Frederick and
white ibis
special concern
Collopy 1989
management
least bittern
Kushlan 1978
concern
wood stork
endangered Kahl 1964
Kushlan 1978
yellow-crowned night heron
black-crowned night heron
Kushlan 1978
Baynard 1912; Conover and Reid 1972;
glossy ibis
Kushlan and Kushlan 1979
pie-billed grebe
Rhoads 1970; Kushlan and Kushlan 1979
Audubon’s caracara
USFWS 1999; USFWS 2000
boat-tailed grackle
Shroads 1970
common grackle
Shroads 1970
snail kite
endangered Bennetts et al. 1988
barred owl
Meshaka et al. 2002
hawks, owls
Rhoads 1970; Huner 2000

*Egretta tricolor
*Eudocimus albus
Ixobrychus exilis
Mycteria americana
Nyctanassa violacea
Nycticorax nycticorax
*Plegadis falcinellus
Podilymbus podiceps
Polyborus plancus
Quiscalus major
Quiscalus quiscula
Rostrhamus sociabilis
Strix varia
Miscellaneous
MAMMALS
Didelphis virginiana

opossum

*Lutra canadensis

river otter

*Mustela vison

mink

Procyon lotor

raccoon

special concern Kushlan 1978
Kushlan 1978
Kushlan 1978
management Rhoads 1970; Conover and Reid 1972;
concern
Kushlan 1978
Baynard 1912; Kushlan 1978
Finley 1988
Baynard 1912
special concern Baynard 1912; Kushlan 1978
special concern Kushlan 1978

Odum 1970; Rhoads 1970
management Odum 1970; Kushlan and Kushlan 1979;
concern
Ewel 1990; Hobbs 1993
Ewel 1990
nuisance
Kushlan and Kushlan 1979; Ewel 1990;
organism
Hobbs 1993

* Heavily rely on crayfish during some part of life cycle
** USFWS 2000
Note: Other species of animals not noted in Table 1 may reside in the Everglades and ingest crayfish during some part of the life cycle, but
have not necessarily been documented feeding on crayfish in the Everglades. These include cold-blooded vertebrates and birds, such as
cormorants, gulls, terns, pelicans, and coots (Tack 1941; Penn 1950; Neill 1951; Huner 2000).
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j DuPuis Wildlife Preserve
k J.W. Corbett Wildlife
Management Area

l Grassy Waters Preserve
m Jonathan Dickinson State
Park

n Loxahatchee River
o Water Conservation Area 1
Figure 1.1. Direction of water flow in the historical Everglades, showing relationships of
flows to placement of early canals and locations where crayfish were collected
for this research. Source: based on Parker 1974.
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Figure 1.2. The modern drainage system in South Florida. The Kissimmee River basin
is the primary watershed for Lake Okeechobee, which in turn provides flow
into the northern edge of the Everglades. The remaining natural Everglades
has been compartmentalized by levees and canals into five water Conservation
Areas (WCA-1, WCA-2A, WCA-2B, WCA-3A and WCA-3B) and Everglades
National Park (ENP). Source: Gleason 1984.5/4/03.
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A

B

Figure 1.3. A. Range of Everglades crayfish (Hobbs 1942). B. Range of slough crayfish
(shaded area from Hobbs 1942) and extensions of the range into: 1.
northeastern Dade County (Rudolph 1985); 2. eastern Collier, western Dade
and northern Monroe Counties (Hendrix and Loftus 2000), and 3. Water
Conservation Area 2A in Broward County (VanArman and Shuford personal
observation 2000).
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A. Everglades Crayfish

B. Slough Crayfish
Plate 1.1. Adult crayfish from southern Florida. A. P. alleni (Everglades crayfish) and
B. P. fallax (slough crayfish).
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A. P. alleni burrows

Double entrance burrow

Burrow with chimney

B. P. fallax burrows

Vertical burrow

Horizontal burrow

Plate 1.2. Crayfish burrows A. P. alleni (Everglades crayfish) and B. P. fallax (slough
crayfish).
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A.

B.

C.
Plate 1.3. Collecting areas for adult crayfish used in this research. A. Grassy Waters
Preserve (City of West Palm Beach). B. Marsh within J.W. Corbett Wildlife
Management Area. C. Pond within J.W. Corbett Wildlife Management Area.
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CHAPTER 2. COMPARISON OF SURVIVAL, GROWTH, AND
DEVELOPMENT OF PROCAMBARUS ALLENI AND PROCAMBARUS FALLAX
2.1 Introduction
Life history information is critical for understanding community structure and for
conservation of biodiversity, but few complete studies of this type have been conducted
on crayfish (Johnston and Figiel 1997). Considering that 48% of crayfish in Canada and
the United States are imperiled, a paucity of information may lead to the demise of many
species of these arthropods. Data concerning life history of many species of crayfish are
based on examination of portions of isolated collections (Hobbs 1991), although more
thorough studies have been conducted for longer time periods on some members of
family Cambaridae: Cambarus (Van Deventer 1937; Tack 1941; Goellner 1943; Smart
1962; Prins 1968; Williams et al. 1974), Fallicambarus (Norrocky 1991; Johnston and
Figiel 1997), and Orconectes (Smith 1953; Capelli 1975; Prins 1968; Boyd and Page
1978; Price and Payne 1984).
Few studies have been carried out on biology and ecology of the over 150 identified
species of Procambarus: P. acutus acutus (Spohrer et al. 1975; Romaire and Lutz 1989),
P. clarkii (Penn 1943; Spohrer et al. 1975; Konicoff 1977; Deng et al. 1993), P. hayi
(Payne 1972), P. zonangulus (Deng et al. 1993; Burras et al. 1995), and P. pictus (Franz
and Franz 1979). A synopsis of some of these findings are included in the discussion
section of this chapter. Some aspects of the life history and ecology of Procambarus
alleni (Everglades crayfish) are known (Bovbjerg 1956, 1959; Rhoads 1970, 1976;
Conover and Reid 1972; Kushlan and Kushlan 1979; Godley 1980; Jordan 1996: Acosta
and Perry 2000a, 2001; Huffman 2001), but only Hendrix (2000) has compared parts of
the life history of adults and older juveniles of the Everglades crayfish and Procambarus
fallax (slough crayfish) that inhabit Everglades habitats.
Reproductive and survival strategies of the Everglades and slough crayfish probably
differ from each other, because they belong to different subgenera and have some known
differences in life history and ecology (Hobbs 1942). Geographic ranges of these species
overlap considerably (sympatric distribution) (Hobbs 1942) and they co-occur in the
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same locations (syntopic distribution) (Hobbs 1942) in wetland habitats of south Florida
(Huffman personal communication 2002; VanArman unpublished), including the
Everglades (Hendrix 2000; Hendrix and Loftus 2000) (Chapter 1, section 1.3.2) (Figures
1.3 A and B). This is the first study that compares early life history of Everglades and
slough crayfish hatchlings, and is important because all of these crayfish are the same
age. This research was conducted based on the null hypotheses that: 1) Everglades and
slough crayfish would have similar survival rates, 2) Everglades crayfish would be the
same weight and total length as slough crayfish, and 3) Everglades and slough crayfish
would mature at the same rate (measured in part by the presence and size of gonopods in
males).
To compare survival, growth, and development, both species were reared under the
same conditions. The following questions were addressed:
1. Will survival of Everglades crayfish be significantly different than survival of
slough crayfish?
2. Will size and growth rate of Everglades crayfish, as determined by changes in
weight and total length over time, be significantly different than size and
growth rate of slough crayfish?
3. Will the presence and size of gonopods 1 and 2 be different between
Everglades and slough crayfish?
2.2 Materials and Methods
During spring 2001, adult Everglades crayfish were obtained from DuPuis
Management Area and the Little Withlacoochee watershed and adult slough crayfish
were captured from DuPuis Management Area and Grassy Waters Preserve in Palm
Beach County, Florida (Chapter 1) (Figure 1.1). Captured ovigerous females were used
preferentially, but when not available, mature females were mated in the laboratory to
Form I (mature) males from the same collection site. In most cases, extruded eggs were
visible within ten days, and larvae were available within three weeks.
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Because identification of crayfish to species, gender, and maturity follows the same
procedure for all three experiments conducted during this research, a brief explanation of
dimorphic secondary sexual characteristics of cambarid crayfish will help to understand
methods used to identify Everglades and slough crayfish (Andrews 1906; Hobbs 1942,
1989). Maturity was determined for males by the presence and size of gonopods 1 and 2,
and for females by the presence of gonoporal eggs (Andrews 1906). Everglades crayfish
can be identified by the presence of dark, circular areas, “headlights”, at the base of both
antennal glands (Hendrix and Loftus 2000), but should be verified by microscopic
examination of secondary sexual features, as paler versions of headlights were observed
on both genders of some adult slough crayfish (Plate 2.1 A).
Male cambarid crayfish have two dimorphic phases (Van Deventer 1937; Price and
Payne 1978; Taylor 1985; Hobbs 1991) based on the morphology of modified first and
second pleopods. Form I males, those that are mature, develop two sets of modified
pleopods ventrally on abdominal segments 1 and 2 that face cephad (Hobbs 1942). These
pleopods are designated as gonopod 1 and gonopod 2 (Figures 2.1 A, 2.2 A, and 2.2 C)
(Plate 2.1 B). In Form I males, gonopod 1 and gonopod 2 develop a species-specific
shape, and gonopod 1 also develops spines and hairs required for passing sperm to the
ventricular annulus (sperm receptacle) of the female. Species-specific hooks are present
on the ischiopodal segments of the third and fourth pereiopods of Everglades and slough
crayfish, and knobs can be seen at the base of the fifth pereiopod to hold the female in
place during mating (Figure 2.1 A). Gonopod 1 and gonopod 2 of Everglades and slough
crayfish were measured when at least one of the pair faced cephad. By this time, the
gonopod was slightly hardened, but not cornified. Form II males, usually juveniles or
males that have mated and reverted to the non-reproductive phase, have gonopods that
are not cornified or hard as are gonopods of Form I males.
Females develop a ventricular annulus sternally at the base of the fourth pereiopods
(Figure 2.2 B and D) (Plate 2.1 C and D). In juveniles the annulus is flat, but begins to
expand by about two months, and in adult females it is inflated. Maturity in females can
be determined by the presence of a cornified ventricular annulus with a developed groove
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that serves as the opening for entrance of sperm (Huner and Barr 1991), or by external
examination of the gonopores at the base of the third pereiopods. When seen through the
translucent operculum, eggs in mature female Everglades and slough crayfish fill the
gonopores and appear white (Andrews 1906). Morphological differences of annuli
between species may be difficult to distinguish, therefore it is suggested that a previously
unreported feature, the “ventral shield”, can be used for identifying adult female
Everglades and slough crayfish (Figure 2.2 B and D) (Plate 2.1 C and D) (VanArman
unpublished). In the Everglades crayfish the shield appears as a butterfly shape and in the
slough crayfish it appears as an inverted Y, with two branches pointing caudo-laterally.
In this study, as eggs were extruded on captured or mated females, berried females
were isolated and Stage I larvae were randomly removed from females, measured, and
color was noted. The number of eggs that hatched into larvae from individual mothers
was recorded. Each mother was measured, so that the number of young could be
correlated with total length. Young used in this experiment were removed from
containers only after they separated from the mother, at about two to four days old.
Depending on the total number of hatchlings available, 50 or 100 young were randomly
selected from four females of each species and added to rearing bins in experimental
blocks. Each of 56 bins contained 10 hatchlings, except for Everglades crayfish hatch
number 2, which included one bin that contained only nine larvae (Plate 2.2). Hatchlings
from different mothers were not mixed in rearing bins. Rearing containers were 5.7 liter
white, translucent SteriliteR bins with LHW dimensions of 35X12X20 cm. Temperature
was maintained at approximately 27 - 29 C. Lighting was provided by two 34-watt,
fluorescent lights, on a 12/12 cycle (0700-1900 hours). To each bin, 25 - 30g of Cabomba
carolineana (fanwort), a native submerged plant that grows throughout south Florida
habitats (Dressler et al. 1987), were added as food. Water levels and food levels were
adjusted every two weeks.
Crayfish size and weight were measured on the first day using standard procedures
for determining growth and development of crayfish (Creaser 1933; Van Deventer 1937;
Tack 1941; Bovbjerg 1953, 1956; Mason 1970). Total length (TL) (length of the body
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from the tip of the telson to the tip of the rostrum) (Figure 2.1 B), length of gonopod 1
(proximal portion of the protopod to the cephalic knob, with no spines or scales
included), and gonopod 2 (pleopod 2) (distal joint of the protopod to the distal tip of the
endopod) (Figures 2.1 A, 2.2 A, and C) were measured to the nearest 0.05 mm with a
Vernier caliper. Weight-length relationships were then plotted as a standard method of
determining growth patterns within crayfish species (Mikkola 1978; Price and Payne
1984; Correia 1993; Deng et al. 1993; Austin 1995). Although data were recorded for
each hatch from an individual mother on the same date, at approximately every four to
five weeks thereafter for up to 16 weeks, the time intervals of measurement for all
hatches were not equal (Table 2.1). Maturation of juvenile crayfish was determined by
the development of the more easily visible gonopods on males. Gender was noted as soon
as detectable on each crayfish and mortality was recorded. Crayfish were carefully
blotted for 10 to 15 seconds on a paper towel and wet weight was measured to the nearest
0.01 g on a portable O’Haus ScoutR top-loading balance. Data were statistically analyzed.
2.3 Statistical Analysis
Survival, growth, and development data for juvenile crayfish were collated from four
hatches of each species. Underlying assumptions included those of equal variance and
normal distribution, because the age and size of the organisms at inception of the
experiment was uniform, and they were sampled at approximately regular intervals.
Because data from each hatch of crayfish were not collected at identical time intervals
after the first day, analysis of covariance (ANCOVA) methods that could determine
significant differences between the two species in growth, survival, and development at
equal points in time. were not used. However, this approach will be discussed at the end
of this section. Analysis of data using the following techniques accounts for trends in
growth, survival, and development over time. Data for each hatch were grouped to
facilitate comparison of survival and growth between species, rather than the variation
within and between hatches of the same species. Analyses were conducted and charts
were developed using Microsoft ExcelR 2000 software. Confidence levels were
considered significant when the probability was less than 0.05.
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Percentage survival values for each hatch and species were analyzed by using linear
regression methods, with the formula y = mx + b as a model (y = numbers of surviving
crayfish; x = time in weeks; b = error terms), and were used to predict survival at 12
weeks. Twelve weeks was chosen because it represented the latest point in time when
either measured or calculated data were available for all hatches. Survival values were
combined and survival rates were calculated for each hatch. Survival rates from all four
hatches were then combined for each species. Weighted values for survival were
calculated by multiplying y at 12 weeks by the original number of young at week zero
Resultant values were analyzed for significance at the 95% confidence level by applying
a formula for exact binomial distribution for percentages (Steele and Torrie 1960). This
technique is used to enumerate data with quantitative characteristics, in cases where
approximations are inadequate to determine significance of values.
The numbers of surviving crayfish, as determined above, were used to calculate
weighted means for total length and weight for crayfish hatches at 12 weeks. Length and
weight values were determined by regression analysis. In order to produce data to better
meet assumptions of parametric analysis, values of weight were log

10

transformed and

then regressed. Descriptive statistics (mean, standard deviation, standard error, and
correlation) were determined for each regression. Regression analysis of growth values
followed the formula: y or logy = mx+b, where m = slope, b = intercept. Values for the
slope usually indicate the rate of growth (change in weight or length per unit time) or the
rate of change of weight as a function of length (length-weight relationships). Intercept
values indicate an error term related to the initial size of the organism.
An independent samples t-test was used to compare regressions of weight, length,
and combined log weight versus total length for Everglades and slough crayfish
(Gravetter and Wallnau 2000). This technique corrects for heterogeneity of variances, by
spreading variances at the ends of the range to match variances at the middle of the range.
A table was used to determine significance of results for each of the three t-tests (Steel
and Torrie 1960). This test was used because there were temporal differences between
measurements that would otherwise preclude analysis of a portion of the collected data.
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An alternate approach to analysis would be to average the survival, length, weight,
and grouped length data from each rearing container for each measuring period. Weight
and length data would then be log10 transformed, and the percentage values of surviving
crayfish would be angularly (arc-sin) transformed to better meet assumptions of
parametric analysis. However, because data were collected at different time intervals for
individual hatches, except for initial measurements, some of the hatches were not
measured at 12 weeks. If crayfish from all hatches had been measured at 12 weeks, then
data from these two time periods (zero and 12 weeks) could be analyzed using repeated
measures analysis of variance to account for differences in survival and growth between
species. Length was used as a covariate in a separate analysis of variance testing for
differences in growth between species, reported in Chapter 3.
2.4 Results
2.4.1 Survival
This experiment began with 559 newly hatched crayfish (319 Everglades crayfish
and 240 slough crayfish). Trend lines indicated a fairly consistent, linear mortality rate
for all four Everglades crayfish hatches (Figure 2.3 A). Survival at 12 weeks in the four
hatches ranged from 54% (H1) to 86% (H2). The highest survival rate occurred in the
hatch that had the fewest numbers of hatchlings at inception (H2, N = 19). Survival in
hatches of slough crayfish young was linear and consistent (Figure 2.3 B). Weighted
survival rates for individual hatches ranged from 74% (H4) to 96% (H1). Using a
binomial distribution table, at the 95% confidence level, slough crayfish had significantly
higher overall survival rates (N=207; 83%) than Everglades crayfish (N=198; 62%) after
12 weeks (Table 2.2).
2.4.2 Growth
2.4.2.1 Weight
Increases in weight (g) over time, as shown by linear regression trend lines for
Everglades crayfish (Figure 2.4 A), had high correlation values, with a range from R2 =
0.8985 (H2) to 0.9915 (H4) (Table 2.3). However, growth rates for Everglades crayfish
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hatches were variable, as shown by mean weights at 12 weeks that ranged from 0.21 0.87 g. The weighted value of mean weight for all combined Everglades crayfish hatches
was 0.47 g (Table 2.3). As indicated by the slope value, Everglades crayfish gained an
average of 0.039 g per week (Table 2.4). Regression analysis for slough crayfish showed
fairly consistent increases in mean weight (Figure 2.4 B). Correlation values for all
hatches ranged from R2 = 0.8838 (H2) to 0.9958 (H4) (Table 2.3). Mean weights at 12
weeks ranged from 0.21g - 0.29 g. The average weighted value of mean weight from all
combined slough crayfish hatches at 12 weeks was 0.26 g (Table 2.3). Slough crayfish
gained an average of 0.025 g per week, as indicated by the slope value (Table 2.4).
Comparisons of upper and lower slope confidence interval (CI) ranges showed that
the slope for weight of Everglades crayfish was higher than that of slough crayfish and
there was no overlap between upper and lower CI values (Table 2.4). Everglades crayfish
had a higher weight at an earlier age than slough crayfish and had a significantly (p <
0.0001) faster rate of weight gain as indicated by t- test (Table 2.4).
2.4.2.2 Total Length
Linear regression analyses for mean total length (MTL in cm) of juvenile Everglades
crayfish showed substantial variation by 16 weeks (Figure 2.5 A). Correlation values for
all hatches ranged from R2 = 0.8502 (H2) to 0.9989 (H1) (Table 2.5). The highest
weighted MTL, 3.30 cm, at 12 weeks occurred in H2 and H5 had the smallest MTL, 1.96
cm. The combined total weighted MTL at 12 weeks for all Everglades crayfish hatches
was 2.49 cm and the overall rate of change in MTL was 0.15 cm per week (Table 2.4).
For slough crayfish, the MTL at 12 weeks ranged from 2.47 cm in H2 to 2.17 cm in
H4. The total weighted average MTL for combined hatches of young slough crayfish was
2.26 cm (Table 2.5). Correlation values for all hatches ranged from R2 = 0.8781 (H3) to
0.9988 (H4) (Table 2.5). As indicated by the slope value, the rate of growth of slough
crayfish was 0.14 cm per week (Table 2.4). Comparisons of upper and lower confidence
interval ranges indicated that the slope value for total length of Everglades crayfish was
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significantly (p < 0.0001) higher (slope = 0.1458) than that for slough crayfish (slope =
0.1378) (Table 2.4).
2.4.2.3 Weight-Length Relationships
Even though slough crayfish had significantly higher survival at 12 weeks,
comparison of log10 weight versus length plots (Figures 2.6 A and B) indicated that
Everglades crayfish were heavier and longer by the end of the experiment than slough
crayfish. All growth data, for the entire 16 weeks of measurements, were used to
determine weight length relationships. Everglades crayfish reached maximum weight of
3.3 g and maximum length of 4.6 cm within 16 weeks. Slough crayfish reached a
maximum weight of 1.3 g and a maximum length of 4.0 cm within 15 weeks.
Both species had similar high R2 values for the regression relationships (Everglades
crayfish = 0.9425 and slough crayfish = 0.9453 in Table 2.6). Slough crayfish had a
higher ratio of log weight to length (slope = 0.775), than was shown by Everglades
crayfish (slope = 0.731) (Table 2.6 A and B). The t-test values for log weight versus
length regressions indicated highly significant differences between Everglades and
slough crayfish (p < 0.0001) (Table 2.6 C).
2.4.3 Development
2.4.3.1 Maturity
Maturation in juvenile males was determined from the presence and size of
gonopods 1 and 2. Gonopods appeared as small knobs by six to eight weeks in both
species, with gonopod 1 usually developing before gonopod 2. During pre-pubescence,
because crayfish within a hatch develop gonopods at different rates, the size (mean total
length) of gonopods within test groups may appear to decrease with time. An apparent
decrease in gonopod size may be seen as more juveniles within a specific hatch begin to
develop gonopods, and because some crayfish that develop gonopods early, probably
carrying the longest gonopods, may die. When crayfish carrying gonopods 1 and 2 were
compared from different hatches at 12 weeks, gonopod 1 of juvenile Everglades crayfish
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grew to a larger maximum size than gonopod 1 of slough crayfish, MTL = 0.50 cm
versus 0.30 cm. However, gonopod 2 of slough crayfish grew equal to that of Everglades
crayfish, MTL = 0.20 cm. Larger numbers of slough crayfish developed first and second
gonopods during 12 weeks than young Everglades crayfish (Table 2.7).
2.4.3.2 Fecundity
In this experiment, the mean carapace length of Everglades crayfish mothers was
44.3 mm, with a mean number of 167 extruded eggs/hatched larvae. The mean carapace
length of slough crayfish mothers was 25.0 cm, with a mean number of about 107
hatchlings (Table 2.8). No differences were noted in the size or color of newly extruded
eggs between these two species. Several days after extrusion commenced, eggs were
round, dark black, and about 1 mm in diameter in both species. In the last few days
before hatching, at nearly three weeks, eggs were oval and measured about 2.5 mm in
width and about 6 mm in length. Larvae seen inside the eggs had well developed black
eyes. When dissected, they were found to be stage I larvae.
2.5 Discussion
2.5.1 General
Life history studies are important because each stage of the life history (egg,
hatchling, juvenile, adult) contributes differently to the successful survival of the species
(Momot 1984). Survival and seasonal breeding strategies of cambarid crayfish vary;
therefore results from studies of survival, growth, and development of Everglades and
slough crayfish can indicate whether either species has a competitive advantage in
wetlands of south Florida, and especially in the Everglades ecosystem.
2.5.2 Survival
This research was conducted, in part, to determine if significant differences existed
in survival between these two crayfish species reared under similar, stable conditions in
the laboratory. By 12 weeks, young slough crayfish had significantly greater overall
survival than young Everglades crayfish. These results are important because differences
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in survival and attendant reproductive strategies for adult Everglades and slough crayfish
may modify secondary productivity (Momot 1967) and community structure within
Everglades food webs. Juvenile crayfish spend most of their time and energy in activities
that are necessary for successful survival, such as searching for shelter and food
(Nystrom 2002). In Chapter 3, survival of both species under different conditions of food,
water level, density, and competitive interactions, is examined.
Because young slough crayfish have significantly higher survival rates than juvenile
Everglades crayfish, slough crayfish may have a competitive advantage over Everglades
crayfish in stable conditions. Probably, more stable environmental conditions in more
permanent waters result in increased availability of vegetation that provides food and
shelter for crayfish, in comparison with the short hydroperiod wetlands preferred by
Everglades crayfish. Not only could a plentiful supply of vegetation reduce impacts from
competition, but slough crayfish may be better adapted to this set of conditions
genetically, physiologically, or behaviorally than Everglades crayfish. Ecological studies
undertaken in this research under low food and drying water conditions also resulted in
significantly higher survival of slough crayfish than Everglades crayfish (Chapter 3).
2.5.3 Growth
2.5.3.1 Weight, Length, and Weight-Length Relationships
The sizes (growth) of adults at maturity have been reported in a few studies of
Everglades and slough crayfish (Rhoads 1970; Hendrix 2000), but little information is
available concerning the early growth of these two species (Rhoads 1970). Such studies
may help determine if differences in growth rates between the populations might afford
competitive advantage to either species. Growth data are important to characterize life
histories of crayfish, establish potential for commercial aquaculture, and make
predictions regarding community structure. An invading species (as hypothesized for
slough crayfish in Chapter 1) could gain competitive advantage if it matured at an earlier
age, or produced young earlier, under favorable food and temperature conditions (Momot
1984).

34

To compare growth rates between species, it is critical to know the age of
individuals, because size does not accurately reflect age (Edsman 1996). In this
experiment, differences in size (weight and length) between young Everglades and slough
crayfish of the same age were determined. Sizes of new hatchlings of both species in this
experiment, 3.5 - 4.0 mm carapace length, and crayfish retrieved from the southern
Everglades, 3.0 mm (Hendrix 2000), were comparable to carapace lengths of other newly
hatched cambarids (Van Deventer 1937; Penn 1943; Smart 1962; Momot 1967).
By 12 weeks, Everglades crayfish gained more weight, had significantly larger mean
total length, and significantly faster growth rates (in weight and total length) than slough
crayfish. Juvenile Everglades crayfish may be genetically predisposed to grow larger than
slough crayfish, may have higher foraging efficiency, or may have had increased food
availability as mortality increased. Growth rates may vary for species and even for
individuals from the same mother, because growth is hormonally regulated and may be
linked to genetic background (Van Deventer 1937; Brown and Bowler 1978; Aiken and
Waddy 1987; Ackefors et al. 1995; Reynolds 2002). Because of this variability, cohorts
may overlap (Edsman 1996), as seen in Everglades slough crayfish populations (Hendrix
2000). Overlap of cohorts may cause confusion in determining life history stages.
Relative growth in crustaceans and characterization of species (Correia 1993),
gender (Price and Payne 1984), and differences between crayfish populations (Deng et al.
1993), may be determined through use of weight-length relationships. Differences among
crayfish populations in these relationships are attributed to environmental influences,
nutrition, and physiological cycles associated with molting and reproduction (Austin
1995). For example, using weight-length relationships, it was determined that P. clarkii
juveniles grew isometrically (body parts grew in the same proportions) (Correia 1993)
and that seasonal variability in weight- length relationships of Astacus astacus is
associated with effects of summer water temperatures on molting activity (Austin 1995).
Crustacean growth patterns can be classified based on the slope of regression lines.
Some studies have shown that a change in slope occurs near the onset of sexual maturity
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(Brown and Bowler 1978). Such changes seem to occur in the log weight- length growth
curves for Everglades and slough crayfish as they age (Figures 2.7 A and B).
In this experiment, results from regression analyses of log weight vs. length
indicated that Everglades crayfish grew significantly larger in size than slough crayfish.
However, by 12 weeks, comparison of growth curves and slope values showed that
slough crayfish were slightly heavier than Everglades crayfish at a given length. This
growth pattern could mean that although both crayfish species were growing
isometrically, slough crayfish began to mature at a smaller size and perhaps at an earlier
age than Everglades crayfish. Maturing at a smaller size may provide a competitive
advantage, in that reproduction could occur at an earlier age and that less food would be
required in order to reach maturity. Heavier body weight of slough crayfish could be
attributed to somatic growth of internal organs, and allopatric growth (some body parts
grow faster than others) of chelipeds, gonopods, and ventricular annuli.
Many growth studies are not amenable to comparison because methods of collecting
data may differ, statistical analyses may be omitted, or a variety of statistical analyses are
used to analyze data (Austin 1995). For instance, analysis of variance is a powerful tool
in detecting significant differences between more than two population means, and
polynomial regression, a tool occasionally used by astacologists, can take into account
cubic properties of crayfish (volume). Measurement of different anatomical features may
be used to assess growth. Total length and carapace length (about half the size of the total
length) have been used as standard measurements in most studies. Orbital carapace length
(posterior orbit to tip of the telson), instead of total length, has been recently employed to
measure growth of yabbies due to variations in rostral and tail lengths (Austin 1995).

2.5.3.2 Development
Maturation of secondary sexual features can provide information on reproduction
that may indicate a competitive advantage of one species over another. Early
development of gonopods occurred at similar rates in Everglades and slough crayfish.
Both members of the pair of structures comprising gonopod 1 and gonopod 2 developed

36

at different times. Members of gonopod 1 were first seen as small protrusions from four
week to five weeks in Everglades and slough crayfish (Table 2.8) then as thin, transparent
hair-like structures. By 12 weeks, while gonopod 1 of young Everglades crayfish grew
slightly larger than gonopod 1 of juvenile slough crayfish, gonopod 2 of both species
were equal in length. However, more slough crayfish developed both sets of gonopods at
earlier ages (i.e. they began maturing at smaller sizes) than Everglades crayfish.
When all four members of gonopod 1 and gonopod 2 face cephad, allometric growth
of gonopods commences, as seen in Orconectes spp. and in Faxonella clypeata (Hay)
(Price and Payne 1984). Such growth probably signals successful completion of the
development of somatic structures and subsequent channeling of energy into the
development of primary sexual structures in some cambarid crayfish (Price and Payne
1984). As noted above, allometric growth might have begun in some older juveniles of
both species, but was not observed for most Everglades and slough crayfish by 12 weeks.
Additionally, carapace length of both species was smaller than values collected from
sexually mature crayfish of unknown ages inhabiting southern Everglades environments.
Field studies by Rhoads (1976) indicated that Everglades crayfish were sexually mature
at sizes of 1.5 – 3.0 cm CL, which is comparable to the estimated mean sizes of mature
Everglades crayfish males (2.93 cm CL) and females (2.79 cm CL) that were observed by
Hendrix (2000). Hendrix also noted that mean sizes of mature slough crayfish males
(2.11 cm CL) and females (1.88 cm CL) were smaller than those of Everglades crayfish
in southern Everglades wetlands. These sizes were comparable to values for other
cambarid species (Van Deventer 1937; Penn 1943; Smart 1962). Based on lack of
allometric growth, the presence and growth of gonopods, and size of both Everglades and
slough crayfish, neither species reached sexual maturity in this experiment.
Future research should include examination of life history parameters over a longer
period of time, and should include observation of secondary sexual characters of females.
This type of study could answer questions regarding the size and age at which both
genders of these species reach full reproductive capacity.
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2.5.3.3 Fecundity (Crayfish Mothers and Eggs)
The key to evolutionary success in cambarids is probably related to the invasion of
fresh waters by ancestral stocks and the nature of the eggs and early instars (Payne 1996).
These ancestors probably had relatively small eggs that hatched into free-swimming
larval stages that were dependent on salt water for early development. Adaptations that
would favor survival of crayfish in fresh water would include production of larger eggs
and the lack of need for free-living larvae.
Sizes of decapod crustacean eggs range from 0.15 mm in the brachyuran Macropipus
sp. to more than 4.0 mm in caridean shrimp. Extruded eggs of Everglades and slough
crayfish are comparable in size to to each other (Table 2.9) and to other cambarids, 1.0 to
3.0 mm in diameter (Nystrom 2002). Large decapod eggs allow fewer larval stages, more
and heavier offspring, and a greater period of embryonic development. These features
promote more rapid growth to maturity (Mason 1978; Payne 1996). Development rate of
extruded eggs from female Everglades and slough crayfish used in this experiment, and
berried females of both species from the southern Everglades (Hendrix 2000), showed
little difference, as they all hatched within three to four weeks after extrusion.
Within a given crayfish population, there is a positive correlation between size of
females and total number of extruded eggs (Van Deventer 1937; Tack 1941; Momot
1967; Huner and Lindqvist 1991). Everglades and slough crayfish from the Everglades
(Rhoads 1976; Hendrix 2000) and crayfish mothers used in the present research (Table
2.9) were no exceptions. Because juvenile Everglades crayfish are larger than juvenile
slough crayfish, it may be assumed that as adults, Everglades crayfish females would
carry more eggs.
2.6 Summary of Results and Conclusions
The null hypotheses were rejected, because by 12 weeks under stable laboratory
conditions:
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1. Survival Rates. Slough crayfish had significantly higher rates of survival than
Everglades crayfish.
2. Size. The size and growth rate of juvenile Everglades and slough crayfish, as
determined by changes in weight and total length over time, were significantly
different. Everglades crayfish had significantly greater weight and total length
than slough crayfish after 12 weeks of growth. However, at a given length,
slough crayfish were heavier than Everglades crayfish.
3. Development. The presence and size of gonopods differed between the two
species. Larger numbers of slough crayfish developed gonopods 1 and 2 than
Everglades crayfish. The first gonopods of Everglades crayfish reached a
larger maximum length than those of slough crayfish, but the second
gonopods of slough crayfish were equal in size to those of Everglades
crayfish. More slough crayfish developed gonopods 1 and 2 by 12 weeks than
Everglades crayfish.
Results of this experiment may not accurately reflect patterns that occur under
natural conditions, but they represent baseline, controlled conditions. Crayfish raised
under laboratory conditions used here are less vulnerable to competitive pressure than
crayfish in nature, because crayfish in the laboratory are not very aggressive until two
months of age (Bovbjerg 1956, 1959), are less exposed to disturbances from environmental factors, have ample supplies of food and shelter, and have no pressure from predators.

Under stable environmental conditions, juvenile Everglades crayfish would have
some competitive advantage compared to slough crayfish because of their larger size and
faster growth rates. This growth pattern is probably due to genetic influences. Young
Everglades crayfish could have competitive advantage in resource holding potential
(RHP), and in reproduction, as adults, by producing larger numbers of eggs.
Juvenile slough crayfish had significantly higher survival rates than Everglades
crayfish, probably because of inherent genetic differences or because they were better
suited physiologically or behaviorally to the rearing conditions used in these experiments.
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Slough crayfish grow heavier at a given length than young Everglades crayfish, and
gonopods of pre-pubescent male slough crayfish develop more rapidly than those of
juvenile Everglades crayfish. Slough crayfish probably mature at a smaller size, and
younger age than Everglades crayfish. Individuals within the slough crayfish population
could produce offspring throughout the year, resulting in constant recruitment. If survival
and growth strategies of slough crayfish are enhanced by long hydroperiods and
appropriate depths in Everglades environments (Hendrix 2000; Hendrix and Loftus
2000), then slough crayfish could have considerable competitive advantage over
Everglades crayfish in survival, and in early growth and maturity.
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Table 2.1 Time intervals of data collection (survival, weight, length) for four hatches of
Everglades crayfish (P. alleni) and four hatches of slough crayfish (P. fallax)
during the 16 week experiment. H = hatch number, numbers represent total
crayfish weighed and measured, T = experiment ended.

Week
0
2
3.5
4
5
6
6.5
8
10
11
12
14.5
15
15.5
16

H1
100

P. alleni
H2
H4
19
100
100

H5
100

H1
50

P. fallax
H2
H3
50
50

50

50

H4
90

96
49

19

72

88
76
19

48

45

48

68
16

71
62 T

48 T

41 T

43 T

59 T
62 T
15 T
30 T
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Table 2.2. Survival of crayfish from four hatches of P. alleni and four hatches of P.
fallax reared in the laboratory. Regression equations were calculated for
survival of P. alleni over 16 weeks and P. fallax over 15 weeks. Using
these equations, survival of each hatch at 12 weeks was calculated. The 95
percent confidence intervals were determined from a binomial distribution
table (Steel and Torrie 1960). Note that the ranges of the confidence
intervals do not overlap, indicating that the two samples are significantly
different (p < 0.05).
Regression
equation

N
original

N at 12
weeks

% Survival
at 12 weeks

Hatch
#
P. alleni
1
2
4
5

-4.6224 x + 109.9
-2.2617 x + 113.1
-3.4541 x + 102.2
-3.0791 x + 102.3

54.4
86.0
60.8
65.3
61.4
61.5 ± 7.6
56 - 67

P. fallax
1
2
3
4

-0.4000 x + 100.4
-1.5250 x + 102.4
-1.1500 x + 102.4
-1.8203 x + 96.2

95.6
84.2
88.6
74.3
83.2
83.4 ± 8.6
78 - 87

R2

0.8791
100
54
0.8697
19
16
0.9598
100
61
0.9681
100
65
Total N
319
196
Weighted mean % survival* ± s.d.
95% CI range
0.8000
50
48
0.8999
50
42
0.8076
50
44
0.8562
100
74
Total N
250
208
Weighted mean % survival* ± s.d.
95% CI range

* survival values adjusted to account for differences in initial sample size (see text)
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Table 2.3. Weight of crayfish from four hatches of P. alleni and four hatches of P. fallax
reared in the laboratory. Regression equations were calculated for survival
and weight of P. alleni over 16 weeks and P. fallax over 15 weeks. Using
these equations, the predicted number of surviving crayfish (N) and weight of
crayfish each hatch at 12 weeks were calculated.
Hatch
#

Regression
equation for
weight

P. alleni
1
0.0324 x -0.0431
2
0.0759 x +0.0425
4
0.0653 x -0.0304
5
0.0177 x +0.0008
P. fallax
1
0.0188 x -0.0176
2
0.0271 x -0.0337
3
0.0254 x -0.0121
4
0.0330 x -0.1262

2

R

N at 12
weeks*

Weight at
Weight (g) at
12 weeks (g)
12 weeks*
(N x mean)

0.9242
54
0.3457
0.8985
16
0.8683
0.9779
61
0.7532
0.9915
65
0.2132
Weighted mean weight ± s.d.

18.81
14.19
45.76
13.93
0.47 ± 0.25

0.9127
48
0.2080
0.8838
42
0.2915
0.9569
44
0.2927
0.9958
74
0.2698
Weighted mean weight ± s.d.

9.94
12.27
12.97
20.05
0.26 ± 0.03

*based on regression equations shown in Table 2.2.
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Table 2.4. Slope, intercept, correlation coefficient (R2), standard error (s.e.) and 95%
confidence intervals (CI) for weight and total length regressions of P. alleni
and P. fallax and t test to determine significance of differences between the
regressions. All data for the 16-week rearing experiment were combined for
this analysis.
N

Species

(R2)

Slope

s.e.

Lower Upper
CI
CI

T test

Intercept

s.e.

Lower Upper
CI
CI

Weight
948 P. alleni
776 P. fallax

0.3169 0.0392
0.5103 0.0248

0.0019
0.0009

0.0356
0.0231

0.0429
8.202
0.0266 P < 0.0001

-0.0037
-0.0327

0.0137
0.0074

-0.0037 0.0233
-0.0411 -0.0183

0.6024 0.1458
0.7820 0.1373

0.0025
0.0038

0.1314
0.1274

0.1458
0.1373

0.8378
0.7133

0.0211
0.0269

0.7851
0.6719

Total Length
948 P. alleni
776 P. fallax
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2.357
P < 0.05

0.8905
0.7546

Table 2.5. Total length (TL) of crayfish from four hatches of P. alleni and four hatches
of P. fallax reared in the laboratory. Regression equations were calculated
for length of P. alleni over 16 weeks and P. fallax over 15 weeks. Using
these equations and the number (N) of crayfish, the predicted TL of each
hatch at 12 weeks and the mean (± standard deviation) TL of the four hatches
was calculated.
Hatch
#

Initial
N

Regression
equation

R2

TL (cm)
N at 12
at 12
weeks*
weeks

Cumulative
length at 12
weeks (N x
TL (cm)

P. alleni
1
2
4
5

100
19
100
100

0.1251x + 0.5982 0.9989
54
2.10
0.1120x + 1.9526 0.8502
16
3.30
0.1927x + 0.8690 0.9651
61
3.18
0.0929x + 0.8494 0.9631
65
1.96
TOTALS:
196
Weighted mean TL (total length /total N) ± s.d.

114.3
53.9
193.3
128.3
489.7
2.49 ± 0.58

P. fallax
1
2
3
4

50
50
50
100

0.1314x + 0.6806 0.9939
48
2.26
0.1526x + 0.6370 0.9879
42
2.47
0.1130x + 0.8695 0.8781
44
2.22
0.1317x + 0.5866 0.9988
74
2.17
TOTALS: 208
Weighted mean TL (total length/total N) ± s.d.

107.9
103.9
98.6
161.0
470.4
2.26 ± 0.11

* based on regression equations shown in Table 2.2.
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Table 2.6. Summary statistics for regression analyses of weight vs length for P. alleni
and P. fallax. A. Linear regression of log transformed weight vs length of P.
alleni. B. Regression of log-transformed weight vs length of P. fallax. C.
Results of t-test to determine if regression A is significantly different from B.
A. Log Weight Vs Length P. alleni
Regression Statistics
R Square
0.942466
Observations
948
F
15496.41
Significance F
< 0.05
Coefficients Standard Error t Stat P-value
Intercept
0.639127 0.010646
60.0365 < 0.05
Total Length (cm)
0.730961 0.005872 124.4846 < 0.05

Lower 95% Upper 95%
0.618235
0.66002
0.719438
0.74248

B. Log Wt vs Length for P. fallax
Regression Statistics
R Square
0.945273
Observations
776
F
13368.95
Significance F
< 0.05
Coefficients Standard Error t Stat P-value
Intercept
0.564955 0.011904
47.4581 < 0.05
Total Length (cm)
0.774618 0.006699 115.6242 < 0.05

Lower 95% Upper 95%
0.541586
0.58832
0.761467
0.78777

C. Results of t test of Log Wt vs Length for P. fallax and P. alleni:
t = 4.5412;
P < 0.0001

46

Table 2.7. Development of gonopods 1 and 2 for P. alleni and P. fallax over 16 weeks.
The number of crayfish (N) with gonopods at each week of observation was
expressed as a percentage of total number of surviving crayfish (Total N).
Gonopod mean size ± standard deviation (s.d.) and the size range were also
recorded. Results at 12 weeks are bolded for comparison (see text).
Week
P. alleni
3.5
5.0
6.5
8.0
10.0
11.0
12.0
14.5
15.5
16.0
8.0
11.0
12.0
15.5
16.0
P. fallax
5.0
8.0

11.0
12.0

15.0
8.0

11.0
12.0

15.0

Mean ± s.d. Range gonopod
gonopod
length
length (cm)
(min-max)
gonopod 1
3.1
0.13 ± 0.06
0.10 - 0.20
26.3
0.20 ± 0.07
0.15 - 0.30
35.4
0.21 ± 0.06
0.15 - 0.35
36.8
0.25 ± 0.08
0.15 - 0.35
32.4
0.18 ± 0.12
0.10 - 0.50
37.5
0.35 ± 0.06
0.30 - 0.45
50.0
0.28 ± 0.09
0.15 - 0.50
42.4
0.19 ± 0.08
0.10 - 0.40
40.0
0.38 ± 0.06
0.30 - 0.45
40.0
0.27 ± 0.11
0.10 - 0.45
gonopod 2
10.5
0.20
0.15 - 0.25
12.5
0.23
0.20 - 0.25
4.8
0.18 ± 0.03
0.15 - 0.20
26.7
0.19 ± 0.02
0.15 - 0.20
3.3
0.20
0.20
gonopod 1
4.2
0.12 ± 0.03
0.10 - 0.15
45.8
0.17 ± 0.03
0.15 - 0.25
55.6
0.19 ± 0.04
0.15 - 0.30
43.8
0.22 ± 0.05
0.15 - 0.30
49.3
0.21 ± 0.08
0.10 - 0.35
54.2
0.23 ± 0.04
0.15 - 0.30
58.5
0.25 ± 0.04
0.20 - 0.30
41.9
0.24 ± 0.05
0.15 - 0.30
56.4
0.27 ± 0.11
0.10 - 0.50
gonopod 2
2.1
0.15
0.15
8.9
0.14 ± 0.02
0.10 - 0.15
8.3
0.16 ± 0.02
0.15 - 0.20
2.8
0.28
0.25 - 0.30
22.9
0.15 ± 0.03
0.10 - 0.20
29.3
0.15 ± 0.03
0.10 - 0.20
14.0
0.14 ± 0.05
0.05 - 0.20
27.4
0.20 ± 0.07
0.10 - 0.30

Hatch Total N with
% with
#
N gonopods gonopods
5
2
4
2
5
2
4
5
2
1

96
19
62
19
68
16
62
59
15
30

3
5
22
7
22
6
31
25
6
12

2
2
4
2
1

19
16
62
15
30

2
2
3
4
1

4
1
2
3
4
1
2
3
4

72
48
45
48
71
48
41
43
62

3
22
25
21
35
26
24
18
35

1
2
3
4
1
2
3
4

48
45
48
71
48
41
43
62

1
4
4
2
11
12
6
17
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Table 2.8. Fecundity of procambarid crayfish, including P. alleni and P. fallax mothers
of test offspring, number of extruded eggs versus carapace length, color and
sizes of eggs.
Species

Mean
Mean # of
carapace
eggs
length (mm) extruded

Source

Egg color and mean size (mm)
Near hatching
1 week 2 weeks
or stage I
pinkish, eyed
black gray-black
2.5 (width); 6.0
1.0
2.0
(length)
pinkish, eyed
black gray-black
2.5 (width); 6.0
1.0
2.0
(length)

P. alleni

44.30

166.75

VanArman this
study

P. fallax

25.00

107.25

VanArman this
study

P. alleni

*27.90

214.76

Hendrix 2000 after
Rhoads 1970

P. fallax

*18.10

39.72

Hendrix 2000

P. clarkii

35.88

162.25

Penn 1943, Table V

P. hayi

*24.00

107.30

Hendrix 2000, after
maroon
Payne 1972

black
2.0

* MSAM=Mean size at maturity calculated (Hendrix 2000)
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chocolate
brown
maroon
2.6

A

B

Figure 2.1. Features of crayfish such as were used in these experiments. A. Ventral view
indicates locations of reproductive features. B. Dorsal view shows dimensions
that are typically measured on crayfish (modified from Hobbs 1989, Holdich
2001).
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Figure 2.2. Secondary sex characteristics of Procambarus alleni and Procambarus
fallax. A. Gonopod 1 of Form I male P. alleni – 1. lateral view, 2. lateral
view distal part, 3. mesial view (Hobbs 1989). B. Ventricular annulus of
female P. alleni (Hobbs 1989) and ventral shield (VanArman unpublished).
C. Gonopod 1 of Form I male P. fallax – 1. lateral view, 2. lateral view
distal part, 3. mesial view (Hobbs 1989). D. Ventricular annulus of female P.
fallax (Hobbs 1989) and ventral shield (VanArman unpublished). g =
gonopore, p = pereiopod
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A

P. alleni

Hatch No:

B

P. fallax

Hatch No:

Figure 2.3. Percent survival of juvenile crayfish (A) from four hatches (1, 2, 4 and 5) of
P. alleni and (B) from four hatches (1, 2, 3 and 4) of P. fallax during 15-week
and 16-week rearing experiments.
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Figure 2.4. Change in weight over time of juvenile crayfish from (A) four hatches (1, 2, 4
and 5) of P. alleni and (B) four hatches (1, 2, 3 and 4) of P. fallax during 15
and 16-week rearing experiments.
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MTL (cm)
MTL (cm)

Figure 2.5. Change in length over time of juvenile crayfish from (A) four hatches (1, 2, 4
and 5) of P. alleni and (B) four hatches (1, 2, 3 and 4) of P. fallax during 15
and 16-week rearing experiments. MTL = mean total length.
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4.00

A. P. alleni

3.50

Log Weight Pa

3.00
2.50
2.00
1.50
1.00
0.50
0.00
0.00

1.00

2.00

3.00

4.00

5.00

Total Length Pa (cm)

4.00

B. P. fallax

3.50
Log Weight pf

3.00
2.50
2.00
1.50
1.00
0.50
0.00
0.00

1.00

2.00

3.00

4.00

5.00

Total Length Pf (cm)

Figure 2.6. Results of regression analysis of log-transformed weight vs length data for
A. P. alleni and B. P. fallax.
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P. fallax

P. alleni
gonopod
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A.

B.
ventral
shield

ventricular
annulus

C.

D.

Plate 2.1. Identification based on morphology of adult crayfish. A. “Headlights.” B. Gonopods of P. fallax (slough
crayfish). C. ventricular annulus and butterfly-shaped ventral shield of P. alleni (Everglades crayfish). D.
ventricular annulus and Y-shaped ventral shield of P. fallax.

B. Rearing container

A. Tank rack with containers
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C. Hatchlings in holding dish
Plate 2.2. Rearing experiment containers, set-up and hatchlings

CHAPTER 3. SURVIVAL AND GROWTH OF PROCAMBARUS ALLENI AND
PROCAMBARUS FALLAX JUVENILES UNDER DIFFERENT CONDITIONS OF
FOOD, HYDROLOGY, DENSITY, AND COMPETITIVE INFLUENCES
3.1 Introduction
Many researchers have studied forces of community structure (Chapter 1), and recent
investigations have included integrative influences of biotic and abiotic factors (Dunson
and Travis 1991; Hart 1992; Lodge and Hill 1994). Management strategies for
conservation of biodiversity in natural areas and the benefit of commercial ventures
require better knowledge of biotic (density, competition, predation, molting, diet) and
abiotic factors (habitat, hydrology) that control crayfish populations and impact species
composition, population size, and productivity (Lodge and Hill 1994). For instance,
commercial crayfish culture is dependent on predictions of density, because market
values increase with larger sizes of edible crayfish (Lutz and Wolters 1986; McClain and
Romaire 1995).
The effects of food, hydrology, density, and competition are regarded as primary
factors shaping most communities, but few studies of these factors have been conducted
on fauna inhabiting Everglades environments. The importance of these influences
includes: 1) the relationship of food availability to the survival and reproduction of
animals (Andrewartha and Birch 1954), 2) the ability to develop predictions about
population limitations through knowledge of density (specific number of individuals
within a reference area or volume) of specific life history stages on a temporal or spatial
basis (Schoener 1986; Stiling 1999), and to control overpopulation of introduced nonnative or nuisance crayfish (Soderback et al. 1995; Lawrence et al. 2000; Lodge et al.
2000), 3) the increase of crayfish abundance with increasing availability of preferred
habitat (Lodge and Hill 1994), including amount, depth, hydroperiod, and quality of
water (Jordan 1996), and 4) the success of obtaining food and shelter through competition
(Penn and Fitzpatrick 1963; Bovbjerg 1970; Capelli and Manjul 1982; Rabeni 1985;
Lodge and Hill 1994). These factors may have a dramatic influence on Everglades food
webs by altering crayfish survival, growth, abundance, reproduction, and species
composition.
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Resource partitioning between Procambarus alleni (Everglades crayfish) and
Procambarus fallax (slough crayfish) must also be considered during the development of
water management procedures in Everglades restoration efforts. In Chapter 1 it was noted
that Everglades and slough crayfish are found in the same habitats within sympatric and
syntopic ranges in south Florida (Hobbs 1942), and that they may coexist by utilizing
different hydroperiods (Hendrix 2000; Hendrix and Loftus (2000). Hobbs (1942)
hypothesized that some competition was occurring between the two species and that the
slough crayfish was the more successful competitor. Therefore, the current research was
based on the assumption that slough crayfish, as a possible invading species, could have
competitive advantage in Everglades environments in the range of Everglades crayfish
(Hobbs 1942). Because competitive influences of slough crayfish as a possible invader
against Everglades crayfish were investigated, no intraspecific combinations of slough
crayfish were included.
This research was the first documented ecological study of the influences of biotic
and abiotic factors on the growth and survival of newly hatched Everglades and slough
crayfish. It was assumed that there would be no significant differences between the
effects of each factor on the growth and survival of Everglades and slough crayfish, and
that the presence of slough crayfish would not impact the growth and survival of
Everglades crayfish. In the present multifactorial laboratory experiment, hatchlings of
both species were exposed to varying levels of food, water, density, and species
combinations, in order to answer the following questions:
1) Will there be a significant impact on the survival of Everglades crayfish by
treatments of different levels of food, water, density, and competitive influences
of slough crayfish?
2) Will there be a significant impact on the growth of Everglades crayfish by
treatments of different levels of food, water, density, and competitive influences
of slough crayfish?
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3) Will the influences of food availability, water levels, and density on survival of
slough crayfish be significantly different than these effects on survival rates of
Everglades crayfish?
4) Will the influences of food availability, water levels, and density on slough
crayfish growth be significantly different than these effects on growth rates of
Everglades crayfish?
3.2 Description of Collecting Areas
Collections of adult male and female Everglades and slough crayfish were made
from natural areas in southern Florida. Descriptions of the collection sites within Palm
Beach County, Grassy Water Nature Preserve, J. W. Corbett Wildlife Management Area,
DuPuis Management Area (Figure 1.1), and the State hatchery were presented in Chapter
1 (section 1.7).

3.3 Materials and Methods
The three types of characteristics necessary to identify species, gender, and maturity
of adult crayfish were discussed in section 2.2. Capture of adult crayfish was made during
the months of March through May, 2001, just previous to the inception of the experiment,
by dip net, or crayfish or minnow traps baited with cooked corn cobs or lard strips.
Captured ovigerous females were used preferentially to provide young, but when not
available, mature non-ovigerous females were mated in the laboratory to males from the
same collection site. In most cases, extruded eggs were visible on laboratory mated
females within ten days, and larvae were available within two to three weeks. Newly
hatched crayfish, after leaving the mothers, were combined and maintained in an
aquarium, but each species was maintained separately. After 24 to 36 hours, one to three
day old crayfish were measured just prior to testing.
In this multivariate 12 week experiment, effects of interspecific competition of
slough crayfish on Everglades crayfish growth and survival were quantified under
different treatments of food, hydrology, density, and species combinations. One hundred
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and twenty experimental containers, including four replicates for each suite of variables,
were set up under laboratory conditions. Each of the four replicates was examined
according to a staggered timeline, about four to five days apart, beginning May 14, 2001.
Translucent #1869 SteriliteR containers measured 31X20X28 cm (LWH) and contained a
fluid volume of 16.5 liters (L). Four cm of soil collected from local wetlands was
thoroughly washed and added to each aquarium. Temperature was maintained at
approximately 27 - 29 C. Lighting was provided by means of two overhead Philips
fluorescent lights 34, F40 CW/RS/EW on a 12/12 cycle from 0700 to 1900 hours.
Each control tank contained five newly hatched Everglades crayfish. Tanks were
randomly assigned to one of the combinations of food levels, hydrological treatments,
density, and competition in a block design shown in Table 3.1. Then, all other Everglades
and slough crayfish young were randomly added to test containers as appropriate.
Crayfish were assigned to density (number of animals per unit area) and species
treatments sensu Underwood (1986), in part, as follows: low interspecific (AF), 5
Everglades crayfish + 5 slough crayfish; high interspecific (AFF), 5 Everglades crayfish
+ 10 slough crayfish; low intraspecific (AA), 5 Everglades crayfish + 5 Everglades
crayfish; high intraspecific (AAA), 5 Everglades crayfish + 10 Everglades crayfish. This
experiment focused on competitive effects of a possible invading species, slough
crayfish. Therefore, no intraspecific treatments of slough crayfish alone were assigned.
Every two weeks, each aquarium was checked for survivors, food, and water levels
were adjusted, and growth and survival data were recorded. Measurements of areola
length, carapace width, chela length, carapace length, and total length were obtained
using methods discussed in Chapter 2 (section 2.2) (Plate 3.1). Food and water levels
were chosen based on data from field and laboratory studies (VanArman unpublished).
Each aquarium was marked externally at one of three water levels: the low water level
was marked at 12.7 cm (8 L) and the high water level was marked at 25.4 cm (16.5 L)
(Plate 3.2). For the drying level regime, water levels began at the 25.4 cm mark and were
decreased by 3.6 cm (2.29 L) or about 14% of the volume and depth, every two weeks.
The drying regime was used to simulate fluctuating field conditions, the natural seasonal
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decline of water during the dry season in the Everglades. Food was provided in the form
of freshly collected and washed Cabomba carolineana (fanwort), an easily-procured
native submerged plant that grows in most canals and natural areas in south Florida. Food
levels were measured on a portable balance, using 25 - 30 grams of vegetation for low
food levels, and 55 - 60 grams for high levels.

3.4 Statistical Analysis
Statistical analyses were conducted in order to determine the significance of the
variables tested in this experiment. Three underlying assumptions were made that
determined how the data were analyzed. These were assumptions of equal variance, of
normal distribution, and that the slough crayfish was an invading species. Emphasis was
therefore placed on determining competitive influences of slough crayfish on Everglades
crayfish. The experiment was designed for statistical purposes sensu Underwood (1986,
1997) using a randomized block design. Programs used to analyze and chart data, and to
obtain descriptive statistics values were MicrosoftR Excel 2000 and SPSSR 10.1 for
Windows. Confidence levels were set at or below 0.05. Charts were developed in Excel
or SPSS, with error bars indicating upper and lower values of the standard error of the
means, when appropriate.
Raw data values of survival, presented as percentaged, were angularly transformed
prior to analysis, to reduce heterogeneity of variances by spreading the variances at the
ends of the range to match variances at the middle of the range (Underwood 1997).
Comparison of the significance of survival values between species was made by use of a
binomial confidence level table (Steele and Torrie 1960), following procedures presented
in Chapter 2. Measurements of morphological features and size-linked characters were
log10 transformed prior to analysis, to produce better staistical relationships.
Analysis of variance (ANOVA) techniques were used as the primary tools for
analysis. For each crayfish, a single factor, repeated measures, ANOVA was conducted in
order to determine the effects of intraspecific and interspecific density combinations on
length, principle components factor analysis (PCA) vectors (areola length, carapace
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length, carapace width, chela length, and total length), and survival. The single factor
included five levels of treatment of Everglades crayfish, (A, AA, AAA, AF, AFF), and
two levels of treatment of slough crayfish, (AF, AFF). The designation of each A
represents five Everglades crayfish young, and the designation of each F represents five
young slough crayfish placed in test containers.
A four-factor, repeated measures ANOVA was then performed on values from
Everglades crayfish, to determine the effects of food availability (low versus high), water
levels (low, high, drying), density (low versus high), species (Everglades crayfish versus
slough crayfish), on length, PCA 1 vectors, and survival. A three factor, repeated
measures, ANOVA was conducted on length and survival of slough crayfish, omitting the
species factor, since there were no treatments containing slough crayfish alone.
Principle components factor analysis was performed on log transformed data for five
size variables (areola length, carapace width, chela length, carapace length, and total
length) in order to reduce the large set of possibly interrelated variables to a small set of
composite variables that explains most of the original variation.

3.5 Results
Results are presented in terms of survival (%) and growth (mean total length-MTL).
Within each section, the influences of food, water, density, and competition are analyzed.
Significant (< or = 0.05) and nearly significant (0.05 < p< 0.07) values of probability (p),
variance ratio (F), and degrees of freedom (DF) are presented in Table 3.2.

3.5.1 Survival
The experiment began with 1320 crayfish (960 Everglades crayfish and 360 slough
crayfish), included in four replicates. As would be expected, survival of both Everglades
and slough crayfish was significantly impacted over time (p < 0.0001). By 12 weeks, the
overall average survival of Everglades crayfish was 54%, and of slough crayfish survival
was 60%.
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3.5.1.1 Survival and Food
The availability of food was the most influential of all factors tested on the survival
of young Everglades crayfish (p < 0.0001) and was highly significant for survival of
young slough crayfish (p=0.0246) (Table 3.2). By seven weeks, differences were
apparent in survival of Everglades crayfish at different food levels (Figure 3.1 A). In high
food availability, survival of Everglades crayfish was 82%, while in low food levels
survival decreased to 70%. The difference in survival rates continued to increase between
low and high food levels through week 12, when the survival rate of Everglades crayfish
was 70% at high food levels and 39% at low food levels. By seven weeks, survival of
slough crayfish at high food levels was 80%, and in low food levels survival decreased to
63% (Figure 3.1 B). The difference in mortality continued to increase between high and
low food levels, so that by week 12, 70% of slough crayfish survived at high food levels
compared to about 49% of slough crayfish at lower food levels. At higher levels of food,
survival rates of juvenile Everglades and slough crayfish were the same at 12 weeks,
70%. However, at low food levels, survival of slough crayfish, 49%, was significantly
higher than survival of Everglades crayfish, 39% at 12 weeks (Table 3.3 A and B).

3.5.1.2 Survival and Hydrology
Hydrology had a less significant impact on the survival of Everglades crayfish over
12 weeks (p = 0.0149), than on slough crayfish survival (p < 0.0001) (Table 3.2). At
about seven weeks, survival of Everglades crayfish in all water levels was similar, 72%,
but by 12 weeks survival of young decreased to 52% in low water conditions, to 55% in
high water and 56% in drying conditions (Figure 3.2 A). Under drying conditions, slough
crayfish young had an immediate and dramatic 15% decrease in survival by week two,
and by week seven, survival was about 70% (Figure 3.2 B). Under low and high water
conditions, survival of slough crayfish remained above 80% for the first five weeks, and
then from weeks six through eight, survival decreased to 60% in low water levels and
68% in high water levels, below that of slough crayfish in drying conditions. By 12
weeks, the highest survival rates of slough crayfish were in drying conditions, 67%, the
lowest survival occurred in low water levels, 54%, and approximately 57% of slough
crayfish young survived in high water levels. Although slough crayfish juveniles had
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higher survival rates in all water regimes than Everglades crayfish, only in drying
conditions were these results significant at the 95% CI (Table 3.3 A and B).
3.5.1.3 Survival and Density
Density, as an ecological term, indicates the number of animals per unit area. In this
case, density is defined as the number of test organisms per treatment, regardless of
species, as follows: control (A) - 5 crayfish; low density (AA or AF) - 10 crayfish; and
high density (AAA or AFF) - 15 crayfish. The effects of density contributed to decreases
in survival of young crayfish of both species over 12 weeks. The impact of density on
survival of Everglades crayfish was significant over time (p = 0.0102) (Table 3.2), but
was not significant to the survival of slough crayfish (p > 0.05) (Table 3.2). Trendlines
indicated that differences were apparent in survival rates of Everglades crayfish in
different densities by seven weeks (Figure 3.3 A). Survival of Everglades crayfish at
seven weeks was about 88% in the control, 79% at low density, and 69% at high density.
At 12 weeks, the survival rate for Everglades crayfish young was 73% in the control,
53% in low density, and 46% in high density. Immediate differences in survival rates of
slough crayfish young were seen by two weeks in both densities (Figure 3.3 B). A
survival rate of about 99% occurred in low density groups and about 90% in high density.
The pattern of differences in survival rates showed an increase in mortality to 75% in low
densities and 59% in high densities by seven weeks. By 12 weeks the survival rate for
slough crayfish was 66% in low density and 53% in high density.
Slough crayfish had higher survival rates at both densities than Everglades crayfish,
but those differences were not significant (P > 0.05) (Table 3.3 A and B).

3.5.1.4 Survival and Competition
Even though the emphasis in this experiment is placed on the influences of
competition by slough crayfish on survival of Everglades crayfish, results may be
interpreted for both species by assuming that each treatment reflects intraspecific or
interspecific competition. Competition is defined as follows: compared to the control (A),
intraspecific competition includes combinations of Everglades crayfish at low density
(AA) and high density (AAA). Interspecific competition includes combinations of both
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species at low density (AF) and high density (AFF). Although no intraspecific treatments
of slough crayfish were included, and the influence of Everglades crayfish on the survival
of slough crayfish was not measured for significance, effects of intraspecific competition
were interpolated by comparing survival rates of slough crayfish in AF and AFF
treatments .
The presence of slough crayfish had a significant impact on survival of Everglades
crayfish over 12 weeks (p = 0.0096) (Table 3.2). Both intraspecific and interspecific
competition influenced survival of Everglades crayfish. By the sixth week, decreases in
survival of Everglades crayfish in intraspecific combinations compared to the control
were evident. Survival at week six was about 95% in the control, 79% in AA and 70% in
AAA (Figure 3.4 A). By 12 weeks, Everglades crayfish in the control had about 73%
survival, compared to much lower survival in AA, 53%, and in AAA, 40%. In
interspecific combinations, survival of Everglades crayfish was higher than in
intraspecific treatments. By the sixth week, survival was 90% in AF and 85% in AFF
(Figure 3.4 A). At 12 weeks, survival rates were similar for Everglades crayfish in most
combinations, about 53%, and were significantly higher than survival in the AAA
treatment, 40%. Juvenile slough crayfish, by six weeks, showed higher survival in
treatment AF, 83%, than in treatment AFF, 70%, (Figure 3.4 B). By week 12, survival of
slough crayfish young in the low interspecific treatment (AF) was 65%, which was higher
than survival in AFF, 53%. Slough crayfish had higher survival rates in both interspecific
treatments than Everglades crayfish (Table 3.3 A and B).

3.5.2 Growth:
The Eigen value determined by principle factors components analysis (PCA 1) of
4.8114 (Table 3.4), indicated that 96.23% of variation associated with growth of
Everglades crayfish was accounted for by the first set of vectors (areola length, carapace
width, chela length, carapace length, total length). By including a second set of Eigen
vector calculations, a second Eigen value of 0.1532 was obtained. These two sets of
factors combined accounted for 99.30 % of variation in size. Because all of these
measurements were highly correlated, for convenience, total length was selected as an
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overall indication of crayfish size. Correlations between all measurements (log
transformed values) were high and ranged from 0.8759 (between areola length and chela
length) to 0.9960 (between carapace length and total length). Since the measured physical
features were highly correlated, the ANOVA values based on total length were
statistically similar to the results of the analysis based on PCA 1. It was apparent that
growth in Everglades crayfish and slough crayfish was isometric during the first 12
weeks of life.

3.5.2.1 Growth and Food
Food availability had a highly significant influence on the increase in total length of
Everglades crayfish (p < 0.0001) and slough crayfish (p < 0.0005) (Table 3.2). From
week 0 to week 2, Everglades crayfish young at high food levels showed a rapid increase
from 0.7 cm to about 1.3 cm mean total length (MTL) compared to 1.2 cm at low food
levels (Figure 3.5A). By six weeks, MTL of crayfish with higher amounts of food was
about 0.4 cm greater than those with low food amounts. This difference increased over
the next eight weeks at a slow rate, so that by 12 weeks Everglades crayfish in conditions
of higher food levels grew to a larger size, MTL = 2.5 cm, than young with lower food
availability, MTL = 2.1 cm. From week 0 to week 2, a rapid increase in MTL from 0.7
cm to 1.1 cm was seen in slough crayfish in both food levels (Figure 3.5 B). By six
weeks, MTL of young slough crayfish in high food levels was about 0.15 cm greater than
in low food levels. By 12 weeks, MTL of slough crayfish with high food availability was
about 2.0 cm, while in low food levels the MTL was 1.7 cm. After 12 weeks, Everglades
crayfish were larger than slough crayfish in both food levels (Table 3.5 A and B).

3.5.2.2 Growth and Hydrology
Differences in water regimes significantly influenced growth rates of Everglades
crayfish over time (p < 0.0001), but did not significantly impact growth of slough
crayfish over 12 weeks (Table 3.2). After a rapid initial increase of about 0.6 cm during 0
to 2 weeks, young Everglades crayfish showed a slightly lower growth rate in low water
levels, MTL = 1.3 cm, than animals in the drying, MTL = 1.4 cm, and high water
regimes, MTL = 1.4 cm, from weeks 4 through 6 (Figure 3.6A). By 12 weeks, young in
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low and high water levels reached a larger size, MTL = 2.4 cm, than those in drying
conditions, MTL = 2.3 cm. Hatchling slough crayfish experienced rapid growth from 0 to
2 weeks of about 0.4 cm and by 12 weeks crayfish in all water levels were the same size,
MTL = 1.9 cm (Figure 3.6 B).
At the end of the experiment, juvenile Everglades crayfish grew larger than slough
crayfish young in all water treatments, continuing a trend that was seen as early as two to
four weeks of age (Table 3.5 A and B).

3.5.2.3 Growth and Density
Density had significant effects on the growth of Everglades crayfish (p = 0.0060) and
slough crayfish (p = 0.0064) over 12 weeks (Table 3.2). From weeks 0 to 2, rapid growth
of Everglades crayfish occurred, with MTL reaching 1.4 cm in the control (A), about 1.3
cm in low density and about 1.2 cm in high density levels (Figure 3.7 A). From weeks 2
to 12, total length of Everglades crayfish young in controls began to increase slightly,
about 0.2 cm, over the low and high densities. By 12 weeks, size of Everglades crayfish
in the control, MTL = 2.6 cm, was higher than in low density, MTL = 2.4 cm, and in high
density, MTL = 2.3 cm. Young slough crayfish also experienced a rapid rate of growth,
about 0.4 cm, from 0 to 2 weeks, reaching MTL of about 1.1 cm in both low and high
density treatments (Figure 3.7 B). By 4 weeks, a slight increase in size, about 0.2 cm, was
seen in crayfish in low density treatments over those in high density. By 12 weeks,
slough crayfish young in low density were slightly larger, MTL=1.9 cm, than those in
high density treatments, MTL=1.8 cm. At 12 weeks, Everglades crayfish in both low and
high densities had larger MTL than slough crayfish in both density treatments (Table 3.5
A and B).

3.5.2.4 Growth and Competition
The effects of the presence of slough crayfish were significant to the growth of
Everglades crayfish (p = 0.0280) (Table 3.2), but the impact of Everglades crayfish
competition on growth of slough crayfish was not analyzed. Everglades crayfish in all
treatments followed a similar pattern, in which all hatchlings increased at least 0.4 to 0.7
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cm in MTL by week two (Figure 3.8 A). By week 12, crayfish in the control reached a
larger size, MTL = 2.6 cm, than those in intraspecific treatments AA, MTL = 2.3 cm, and
AAA, MTL = 2.2 cm. However, those Everglades crayfish in low density interspecific
treatments grew to larger sizes, MTL = 2.5 cm, than Everglades crayfish in high density
interspecific treatments, MTL = 2.4. Slough crayfish grew to about 1.1 cm MTL by week
2, a gain of about 0.4 cm (Figure 3.8 B). By 12 weeks, young slough crayfish in treatment
AF reached a MTL of about 1.9 cm, and those in AFF had a MTL of 1.8 cm. All
Everglades crayfish reached a higher MTL than did slough crayfish (Table 3.5 A and B).

3.6 Discussion
Studies of population ecology indicate that density dependent and density
independent influences may interact strongly to control natural populations (Krebs 1994).
Lodge and Hill (1994) present a thorough review of integrative factors that can be used to
predict the distribution or abundance of crayfish populations. Biological and ecological
studies of Everglades and slough crayfish can be confounded by the concurrent presence
of several cohorts within the population or community. The requirements and impacts of
each part of the life cycle at different ages can confuse clear determination of community
structure (Hendrix 2000) and management needs. It is through differences in resource
utilization or habitat partitioning by different stages of the life cycle that sympatric or
syntopic species, such as Everglades and slough crayfish, can co-exist.
In order to more clearly understand the impacts of variables examined in this
experiment, the discussion that follows is divided into two categories of population
dynamics, survival and growth. Within each category, discussion concerning individual
variables of food, hydrology, density, and competition are presented, followed by an
overall summary that focuses on the influence of significant factors on the survival and
growth of Everglades crayfish and slough crayfish. Within each section, the answers to
questions presented in the Introduction of this chapter (section 3.2) are provided.
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3.6.1 Survival and Food
Food is an essential resource for animals, and may be a critical factor that limits
population density in a given habitat (Krebs 1994). The intent of this experiment was to
determine if survival of juvenile Everglades crayfish or slough crayfish was significantly
influenced by food availability, and to compare survival rates. The availability of food
was highly significant in the survival of juvenile Everglades and slough crayfish. Both
species had comparable survival rates at high food levels, but at low food levels slough
crayfish had significantly higher survival rates than Everglades crayfish. Slough crayfish
may have lower nutritional needs or may utilize existing food resources differently or
more efficiently than Everglades crayfish.
The question of food availability is more complex than an absolute shortage of food,
and involves: 1) nutrient quality and quantity, that is chemical and physical factors that
influence preferential feeding behavior by invertebrates (Lodge and Hill 1994;
Underwood and Rausher 2000; Nystrom 2002), 2) complex interactions, such as physical
contacts between producers and consumers, and 3) the impact of an organism on its own
food supply (Andrewartha and Birch 1954; Abrahamsson 1966; Momot 1984; Nystrom
2002).
Because crayfish can find food and maintain metabolism in most habitats even
during times of food shortage, they may have increased longevity relative to other
macrobenthic organisms (Momot 1995; Nystrom 2002). Crayfish have a flexible enzyme
system that enhances digestion and allows storage of considerable amounts of nutrients
and energy reserves in the hepatopancreas (Momot 1995; Vogt 2002). During times of
stress, the capability to vary their diets and extract energy from vegetation (Momot 1995)
can reduce metabolic rates, and allow crayfish, such as Everglades crayfish or the red
swamp crayfish (P. clarkii), to persist for longer periods of time in burrows in the
absence of food (Huner 1995; Momot 1995; Vogt 2002).
Energy needs and feeding habits vary with species and age (Butler and Stein 1985;
Momot 1995; Nystrom 2002). Young crayfish require increased amounts of energy
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because of the activity spent hiding from predators. An ontogenic shift occurs from a
primary diet of animal protein in young and juveniles, to plant matter in adults (Butler
and Stein 1985; Lodge and Hill 1994; Momot 1995; Holdich 2002; Reynolds 2002). The
morphology of setal arrangements on young crayfish, such as red swamp crayfish (Huner
2002), is more structurally adapted to capturing small invertebrates, microorganisms, and
zooplankton, than is the feeding apparatus on adult crayfish (Nystrom 2002), such as
Everglades and slough crayfish.
Other studies have shown that enzymatic activity by microorganisms, probably
bacteria, degrades protein sources and provides amino acid and small polypeptide food
cues to crayfish, including Orconectes spp. and Cambarus sp. (Hazlett 1994). Some
micro organisms may be free-swimming, or they may colonize older parts of a plant,
where they may be preferentially consumed by crayfish. Higher survival rates of
Everglades and slough crayfish occurred when more freshly collected C. carolineana was
provided. However, neither species fed on newly grown tips of the plant, but rather on the
older parts of the stems and leaves (VanArman unpublished). Morphological and
secondary chemical defenses in plants can be stronger in new growth of the plant and can
result in reduced herbivory (Stiling 1999). Also, feeding on ageing plant parts may
protect destruction of the new growth as a future food source. In conditions of lower food
availability there is less plant material present as substrate on which to graze. The strong
impact of low food availability on juvenile crayfish, including Everglades and slough
crayfish, affects not only survival rates, but all aspects of behavior, rate of development,
and reproductive potential (Andrewartha and Birch 1954).
No feeding studies of Everglades and slough crayfish are available for comparison,
but these experimental results suggest that a positive relationship exists between high
levels of available food and survival. In partial answer to questions 1 and 3 (section 3.2),
the survival of both species was significantly impacted by food availability, but juvenile
slough crayfish had significantly higher survival than juvenile Everglades crayfish in low
food levels.
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3.6.2

Survival and Hydrology

The frequency and duration of hydrological regimes are major environmental
determinants of ecosystem character that influence floral and faunal community structure
(Hayworth 2000) (Chapter 1). Survival of aquatic invertebrates is affected by
disturbances in habitat, such as changes: 1) in the amount of surrounding water, as in
times of flood and drought (Taylor 1983) and 2) in the physical or chemical quality of the
water (Kaster and Jacobi 1978; MacKay 1984/1985; Lodge and Hill 1994; Batzer and
Wissinger 1996). Survival of different stages of the life cycle of crayfish may also be
influenced by changes in hydroperiod (length of inundation) and local water depths
(Jordan 1996; Hendrix 2000).
The intent of this phase of the study was to determine if any of three different water
regimes significantly impacted the survival of juvenile Everglades or slough crayfish.
Survival rates of both species were significantly impacted by different water levels in a
similar way. Survival was most impacted by low water, probably because of crowding
effects, deterioration of food, and/or poor water quality, and was least affected by drying
conditions. Slough crayfish had slightly higher survival rates in low water levels and
significantly higher survival in drying conditions than Everglades crayfish. In a closed
system, waste products, such as ammonia, could have accumulated at a faster rate from
the larger Everglades crayfish than from slough crayfish. In natural wetlands, slough
crayfish may be more influenced by water quality than water depth.
At the beginning of the research, high mortality occurred first in drying conditions,
(section 3.3), until five to seven weeks, when the lowest rates of survival occurred in low
water conditions. Slough crayfish young experienced dramatic initial mortality until the
time of the shift, indicating that young of this species have greater sensitivity than young
Everglades crayfish to declining water levels. However, slough crayfish that survived the
critical growth period in the first few weeks had significantly higher tolerance and
perhaps were better adapted genetically to a wider range of environmental conditions
than Everglades crayfish.
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Cambarid crayfish evolved in areas with fluctuating water levels, and can readily
colonize locations that have temporary or permanent bodies of water or experience
intermittent flooding (Hobbs 1991). In earlier studies conducted in Everglades wetlands,
fluctuating water levels positively enhanced abundance of Everglades crayfish (Rhoads
1976; Kushlan and Kushlan 1979), probably because these conditions in natural areas
stimulate oxygenation of stagnant waters and promote the recycling of nutrients that
enhance growth of vegetation. The impact of hydrology on survival of crayfish inhabiting
Everglades environments has been examined by using models that link hydrology and
crayfish dynamics to vegetation community structure (Acosta and Perry 2000b).
Everglades crayfish inhabit short hydroperiods (flooded less than nine months of the
year) and shallow habitats, and slough crayfish prefer longer hydroperiods (flooded from
11 to 12 months of the year) with deeper, more permanent waters (Hendrix and Loftus
2000). Similar observations were made during collections of both species for this
experiment (Chapter 1). Biomass and density of Everglades crayfish decreased during
high water in the Everglades (Kushlan and Kushlan 1979) and in long hydroperiod sites
with increased depths in marshes of the St. Johns River (Jordan et al. 1996a). Preference
of slough crayfish for deeper waters may help explain why they are difficult to locate in
natural areas, and why they have not been investigated more often.
In the present research, juvenile Everglades crayfish could be expected to have
higher survival rates in low water, and lower survival rates in high water, while the
expected survival of juvenile slough crayfish would be directly proportional to water
levels. While survival rates in all water levels were significant, rates for both species
were close to 55% at 12 weeks, except in drying conditions. Even though water levels
used in this experiment could not accurately reflect the range of depths found in natural
areas, young crayfish of both species might hatch off more often in shallow waters, where
vegetation is plentiful, and then experience a shift in hydrological (hydroperiod and
depth) preference as adults.
Alterations of hydroperiods due to water management practices that result in
conditions of extreme drying and flooding (Chapter 1) can affect crayfish survival
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strategies, such as burrowing and migration, and disrupt early growth patterns. During
drying conditions, Everglades crayfish adults and juveniles over 16 mm CL (Hendrix
2000) most often burrow or migrate overland (Rhoads 1970; Hendrix 2000; Acosta and
Perry 2001). Everglades crayfish probably have a greater innate preference than slough
crayfish for burrowing, as burrows can be seen almost year round in the ponds of the
Florida state fish hatchery at Richloam, despite abundance of food, vegetal heterogeneity,
and infrequent drawdowns. Reduction of water levels below a specific threshold may
stimulate slough crayfish to seek deeper waters (Hobbs 1942; Hendrix 2000). It was also
noted that mortality of Everglades crayfish was excessively high in areas where
hydroperiod was greatly reduced (Acosta and Perry 2000a). Threshold hydrological
conditions for preventing mass mortality of Everglades crayfish in the Everglades are
hydroperiods of more than seven months and groundwater levels of less than 0.5 m below
the surface during the dry season (Acosta and Perry 2001).
Results of this experiment provided answers to parts of questions 1 and 3 (section
3.2). During the first few weeks of drying conditions, when the greatest mortality
occurred, the water levels were higher than the water levels in low water conditions.
Young crayfish were thus responding to small changes in water conditions -- a decrease
in water volume of 2.29 L (14%) every two weeks -- during a critical period when rapid,
successive molts occurred. Hatchling slough crayfish were especially sensitive to drying
conditions, whereas older juveniles had higher survival rates than Everglades crayfish.
Survival of both species was significantly impacted by all three water regimes. While
survival rates of juvenile Everglades crayfish were similar in all water levels, the highest
survival rates of slough crayfish occurred in drying conditions, and were significantly
higher than survival rates of Everglades crayfish in all water regimes.

3.6.3 Survival and Density
Under natural conditions, high densities of organisms, including crayfish and their
prey, can result from seasonal flooding and subsequent drying conditions in Florida
wetlands (Hart and Newman 1995). Influences of density (the number of animals per unit
area), and population size structure of crayfish on community composition have been
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linked to local hydrological conditions (Rhoads 1970; Acosta and Perry 2000b) (sections
3.7.2 and 3.7.6). At high densities, impacts on crayfish from fluctuations of resources,
such as water and food levels, may cause reductions in survival, growth rates, and health
because of decreases in food quality and availability (Huner and Romaire 1978; Polis
1981; Soderback 1995; Lawrence et al. 2000; Nystrom 2002).
The purpose of this experiment was to determine the effects of density on the
survival of juvenile Everglades and slough crayfish up to 12 weeks. The effect of density
on the survival of Everglades crayfish juveniles was significant, but not on the survival of
slough crayfish. Even though higher survival of both species occurred in low densities,
slough crayfish had higher survival rates than Everglades crayfish in both densities. No
other studies are available that compare the effects of density on the survival of
hatchlings of either Everglades crayfish or slough crayfish.
The abundance (numbers of individuals in natural areas) of individual life cycle
stages of organisms in natural areas indicates not only standing crop (the quantity of food
available for the food web), but also seasonal cycles or peaks in reproduction,
recruitment, hatching of eggs, gestation periods, rates of displacement, and coexistence
(Soderback 1995). Data collected by Hendrix (2000) on the abundance of Everglades and
slough crayfish aided in the determination of their life histories and reproductive
strategies.
Studies of the abundance of crayfish in natural ecosystems, including those of south
Florida, have focused on adult crayfish (Table 3.6); therefore, no information was found
regarding the abundance of new hatchlings. In nature, it is likely that berried females
maintain spatial distribution from other crayfish, and that young crayfish hatch off the
mother and initially remain together in high densities (section 4.4.4.3). Juvenile
Everglades crayfish maintain specific spatial distribution at high densities (Bovbjerg
1959) and probably do not disperse far from the mother until after they reach sexual
maturity (Hendrix 2000).
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Results from other studies in southern Everglades environments indicated that
Everglades crayfish were more numerous and grew to the largest size in short
hydroperiod wetlands (Rhoads 1970), such as temporary ponds and prairies (Conover and
Reid 1972), and that crayfish abundance varied with hydroperiod both temporally and
spatially (Hendrix and Loftus 2000). Seasonal variability in abundance is driven more by
hydrologic conditions than recruitment patterns in south Florida, where crayfish density
varied inversely with water levels (Milleson 1976), possibly due to increased predation
(Kushlan and Kushlan 1979; Jordan 1996). Jelks et al. (1992) and Jordan (1996) reported
that seasonal abundance of crayfish in WCA-1 was highest in wet prairie and sawgrass
habitats, compared to crayfish biomass in alligator holes or sloughs; however, there is a
possibility that both species of crayfish were sampled, instead of Everglades crayfish
alone. Access to the interior of WCA-1 is limited, hence crayfish abundance and
distribution have not been thoroughly studied. Slough crayfish were first collected from
the area that is now WCA-1 by Hobbs (1942), and have been reported within the past few
years in WCA-1 (Brandt et al. 2002; VanArman unpublished) and WCA-2 (VanArman
unpublished), while Everglades crayfish have also been recently collected in WCA-2
(Shuford personal communication).
Previous studies showed that lower survival occurs in more crowded conditions,
often because of increased intraspecific predation. Crowded conditions also probably
impact the survival of crayfish that hatch off in deep burrows, such as Everglades
crayfish, where there may be low food availability and poor water quality. Low
availability of food is the most important ecological factor favoring cannibalism (Lodge
and Hill 1994; Nystrom 2002), which is considered a density dependent behavior (Polis
1981; Lawrence et al. 2000). Survival in dense populations can be high and predation on
conspecific cohorts can decrease if availability of high quality food sources increases
(Polis 1981; Nystrom 2002). As weaker crayfish starve or succumb to cannibalism,
density decreases and more resources are available for survivors.
Results of this experiment provided answers to parts of questions 1 and 3. Density
significantly impacted survival of juvenile Everglades crayfish, and also impacted
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survival of young slough crayfish. Survival rates of both species, at 12 weeks, indicated
that probably there were increased effects of intraspecific competition at higher density.
Survival of both species was lower in high density than in low density, but survival of
slough crayfish was higher in both low and high density than Everglades crayfish.

3.6.4 Survival and Competition
Both intraspecific and interspecific competition for food and habitat (shelter) can
impact survival of crayfish (Lodge and Hill 1994; Edsman and Jonsson 1996) and play
essential roles in distribution, abundance, and reproduction of organisms within
communities (Nystrom 2002). Invertebrates engage in resource competition, in which
individuals share limited resources such as food, mates, shelter and territories through
competitive interactions, but crayfish may interact aggressively when food and shelter are
limited (Capelli and Manjul 1982; Capelli and Hamilton 1984). Such competition mostly
occurs under crowded conditions (Underwood 1986; Blank and Figler 1996; Solomon et
al. 1996), but may take place between sympatric species of crayfish (Eberly 1960;
Bovbjerg 1970; Butler and Stein 1985). Competition may be common in natural
populations (Hairston 1989; Lodge and Hill 1994), but does not always occur (Capelli
and Manjul 1982).
According to the competitive exclusion principle, complete competitors cannot exist,
therefore in natural populations, differences that minimize competition will evolve in
competing species (Darwin 1859; MacArthur 1972). In sympatric distribution, such as
seen in Everglades and slough crayfish, species may be influenced less by competition
with a second species than in allopatric distribution (Schoener 1983). Outcomes of
interspecific interactions often depend upon the strength of intraspecific competition
(Andrewartha and Birch 1954), and on the strength of interspecific contacts (Underwood
1986; Deng et al. 1993). The purpose of this part of the experiment was to determine the
effect of slough crayfish on the survival of Everglades crayfish. The presence of slough
crayfish significantly impacted the survival of Everglades crayfish. Although similar
survival rates of Everglades crayfish occurred in both interspecific combinations, slough
crayfish had the highest survival in heterospecific combinations with the lowest density.
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Survival of slough crayfish in both interspecific treatments was higher than that of young
Everglades crayfish.
Species of the same genus may have more similarities in habits and constitution than
species of different genera, hence intraspecific competition may be more severe than
interspecific interactions. Everglades crayfish survival was impacted in both high and low
density intraspecific treatments, but was dramatically lower in high density conspecific
combinations. Intraspecific influences were apparent by six weeks, and had a significantly stronger effect on Everglades crayfish survival than did interspecific influences
with slough crayfish. Because Everglades crayfish grew larger than slough crayfish
(sections 3.7.5-3.7.8), they likely required more resources and competed more often
among themselves for those resources available. The presence of the smaller slough
crayfish may have blunted strong intraspecific interactions among juvenile Everglades
crayfish by exploiting fewer or slightly different resources. The full range of intraspecific
combinations of slough crayfish were not included in this experimental design, because
the experiment was developed to primarily test competitive influences of slough crayfish
on the survival of Everglades crayfish. Future research should take into account
examination of the influence of Everglades crayfish on the survival of slough crayfish,
including intraspecific treatments of slough crayfish, at different stages of the life cycle,
such as prepubescent juveniles and adults.
Bovbjerg (1956, 1959) reported that intraspecific aggression first appeared in two
month old Everglades crayfish. Observations from this experiment agreed with those of
Bovbjerg (1956, 1959) in that Everglades and slough crayfish first exhibited aggression
when they were about two months old. The role of size and age in competition follows a
similar pattern in invertebrates and vertebrates. Larger and older individuals, and often
males, dominate populations (Capelli 1975; Momot 1984; Deng et al. 1993; Lodge and
Hill 1994) (section 3.6.8). Survival of Everglades and slough crayfish may have been
affected by aggression in this experiment. When crayfish were removed for measuring
purposes from test aquaria, all juveniles from an individual aquarium were held together
in a small bowl. Under these artificially induced conditions of extreme crowding, at about
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two months of age, both species engaged in intraspecific and interspecific tension
contacts (confrontations). On several occasions, larger individuals of both species
suddenly grabbed, with chelae, a smaller conspecific or hetereospecific cohort, or one in
the process of molting, and pulled the head off the body of the unfortunate victim. During
the remainder of the experiment, larger juveniles were held in individual bowls, when
separated for measurement. In larger volumes of water, presence of shelter (vegetation)
probably reduces the visibility of cohorts and frequency of agonistic encounters.
Mortality, rate of reproduction, and growth combined with differences in aggressive
behavior between species may be more important than physical factors in determining
species distribution and abundance (Bovbjerg 1952; Bovbjerg and Stephen 1975). In
most cases of competitive interactions between species, habitat differences might not be
evident and physical factors may not be pronounced. However, there are indications that
differences in aggressive tendencies between Everglades crayfish and slough crayfish
may differentially affect the survival of these species. Additional studies on the life
history of both species should be conducted to examine agonism (aggression among
conspecifics) and interspecific aggression.
Parts of questions 1 and 3 were answered by these results. The survival of
Everglades crayfish juveniles was significantly affected by the presence of slough
crayfish, but intraspecific competition between Everglades crayfish cohorts had more
effect on survival than interspecific competition with slough crayfish. Results for slough
crayfish indicated that juveniles showed intraspecific competition, yet had higher survival
rates in low and high density heterospecific combinations than Everglades crayfish.

3.6.5 Growth and Food Availability
3.6.5.1 Growth
Results from principal components factor analysis (PCA) of Everglades crayfish
determined that crayfish measurements of carapace length and width, chela length and
areola length were highly correlated to total length. Therefore, for simplicity, the term
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growth (or size) used in sections 3.6.5 through 3.6.8 will refer to mean total length
(MTL) with the understanding that associated correlated morphological features would
show similar relationships for both species.
Natural selection favors animals that maximize net intake of energy in order to grow
larger, promote higher growth rate, maintain body functions, and enhance reproductive
strategies (Stein and Magnuson 1976; Butler and Stein 1985; Nystrom 2002). Individuals
that grow rapidly, reach adulthood, and reproduce successfully have an adaptive
advantage in systems where peer pressure is high (Momot 1995). Rapid growth and
larger size at a given age is positively related to egg production (Abrahammson 1971)
(section 3.6.8 and Chapter 2), and allows juveniles to pass more rapidly through
competitive bottlenecks (Lodge and Hill 1994). Conversely, infrequent or sub-optimal
feeding leads to a population of smaller sized crayfish, and may impact survival (section
3.6.1) and reproduction of animals by impacting fecundity, longevity, and vulnerability to
predation (Chapter 4) (Momot et al. 1978; Hobbs 1993; Garvey et al. 1994).

3.6.5.2 Food Availability
Availability of food (biomass of vegetation) had a significant positive effect on the
growth of young Everglades and slough crayfish over 12 weeks. In both food levels,
Everglades crayfish grew larger and faster than slough crayfish, probably due to genetic
influences. Hendrix (2000) compared sizes of both crayfish species, and determined that
Everglades crayfish grew larger than slough crayfish in southern Everglades
environments. In vegetated habitats with higher biomass, Everglades crayfish had higher
foraging efficiency (Jordan 1996), because not only was the risk of predation decreased,
but more food was available. Since some Everglades and slough crayfish live in syntopic
distribution, they may acquire and use food resources in different ways, or may use
different food sources (section 3.6.1). Everglades crayfish probably have larger chelae
and greater foraging efficiency than slough crayfish, and may require more food than
slough crayfish at an earlier age (sections 3.7.5 to 3.7.8 and Chapter 2). The relationship
of chelar growth to foraging efficiency has not been well studied (Deng et al. 1993). PCA
indicated that food had a highly significant effect on the growth of morphological
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variables, including chelar length, which is closely correlated to total length in
Everglades crayfish.
Results obtained from this study are supported by previous research, and answered
parts of questions 2 and 4. The availability of food significantly affected the growth of
Everglades and slough crayfish. Both species grew larger in conditions of high food
availability, but Everglades crayfish grew larger and faster than slough crayfish in low
and high food levels.

3.6.6 Growth and Hydrology
Hydroperiod affects reproductive strategies, which in turn influence crayfish size,
abundance, and species composition, by affecting molt intervals and incremental
increases in length and weight (Acosta and Perry 2000a). Batzer and Wissinger (1996)
noted that invertebrates in temporary pools grew more rapidly that those in perennial
wetlands, but the efficiency of growth and feeding was higher for insects from perennial
habitats. Under disturbed environmental conditions, burrowing crayfish such as
Everglades crayfish might be expected to have small populations that are dominated by
small adults that are widely dispersed and have low survival (Taylor 1983). When red
swamp crayfish in high densities were exposed to poor environmental conditions,
including low water levels, they molted to adult forms while small in size (Huner and
Romaire 1978). If water quality conditions and food availability improved, then larger
size and higher fecundity were restored to the population.
The purpose of this experiment was to determine the effect of different water
regimes on crayfish growth. Water levels significantly influenced growth of Everglades
crayfish over 12 weeks, but not slough crayfish. Juvenile Everglades crayfish were
slightly larger in low and high water levels than in drying conditions, but were
considerably larger than slough crayfish in all water treatments. PCA indicated that
varying water conditions had a significant influence on the growth of morphological
variables of Everglades crayfish correlated to total length. PCA was not performed on
slough crayfish growth, but a similar relationship would be expected. Slough crayfish
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were not significantly influenced by the water levels used in this experiment, and grew to
the same size in all water levels. They could have broader tolerance for a wider range of
water levels or might more influenced by other hydrological factors such as water quality
or hydroperiod.
Studies of adults and larger juveniles in south Florida ecosystems indicated that
hydrology and food availability are major factors affecting growth rates of Everglades
crayfish (Rhoads 1976). Larger crayfish are probably better able to survive impacts from
reduced water levels, poor water quality, and reduced food availability. In shallow waters
of subtropical wetlands, crustacean growth and survival may be impacted by higher
temperatures and lower levels of dissolved oxygen in the water column. Studies of
procambarids indicated that higher temperatures are probably highly influential on
growth and survival of crayfish in southern Florida (Caine 1978), but temperatures for
optimal growth of each species vary based on environmental conditions (Reynolds 2002).
Because adult Everglades crayfish grew to larger sizes and had the greatest densities
in short hydroperiod wetlands, such as temporary ponds and prairies, than in deeper water
sloughs (Conover and Reid 1972), larger growth of juvenile Everglades crayfish in low
water levels in the present research was not surprising. Acosta and Perry (2000a) noted
that Everglades crayfish in the eastern Everglades gained greater sizes in longer
hydroperiod sites (9 months of inundation) and that crayfish growth was adversely
impacted by locally shortened hydroperiods (3 months or less of inundation) and
associated poorer water quality.
Drying conditions, as designed in this experiment, exposed all crayfish to a
consistent, but perhaps rapid decrease in water levels (about 2.29L or 14%) every two
weeks. This regime resulted in lower volumes of water and higher densities at the end of
the experiment than may normally occur in nature. Everglades crayfish grew slowest in
drying conditions. In the life cycle of Everglades crayfish, probably younger juveniles
require sufficient water levels in order to molt and to find shelter and food, including
vegetation, whereas juveniles above 16 mm CL and adults are more often exposed to and
are better able to survive drying conditions by burrowing (Hendrix 2000).
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More definitive results regarding the effects of hydrology on growth of crayfish
could perhaps be obtained by using more extreme experimental conditions, such as
greater differences in water volumes and levels, and a longer testing period.
Improvements to the current experiment could also include use of more replicates or
more test organisms and the use of a range of crayfish ages and sizes that better represent
a natural size-structured crayfish life cycle.
Results from this experiment agree with data reported by Hendrix (2000), that
Everglades crayfish are larger than slough crayfish, and were consistent with the growth
data for both species of crayfish collected during the rearing experiments reported in
Chapter 2. These data addressed parts of questions 2 and 4, showing that hydrology
significantly affects growth of Everglades crayfish and has some effect on slough
crayfish growth. Everglades crayfish reached the largest size in low water, and the
smallest size in drying conditions, while slough crayfish grew to similar sizes in all three
water regimes. Everglades crayfish grew to larger sizes than slough crayfish in all tested
water levels

3.6.7 Growth and Density
In addition to its influence on survival (section 3.6.3), density impacts growth rates,
age of maturity, and longevity of crayfish (Momot et al. 1978). At increased densities,
growth rates decline because of increased energy necessary to compete for food.
Exceeding carrying capacity also causes diversion of energy from somatic growth, with
the exception of chelipeds (Soderback 1995), and results in negative impacts on
reproduction, including reduced competition for mates and reduced production of
gametes (Lawrence et al. 2000). Self-regulation of the rate of population increase is
mediated through size-related reproduction, vulnerability to predation (Morrissy 1992),
and deteriorating quality of the population (Andrewartha and Birch 1954; Chitty 1960).
The purpose of this experiment was to determine the effect of density on the growth
of Everglades and slough crayfish. Density had significant effects on growth of
Everglades and slough crayfish over 12 weeks. Growth was greater for both species in
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low density treatments, but Everglades crayfish grew larger than slough crayfish in both
high and low densities. The influence of density, as measured by PCA, had significant
effects on growth of Everglades crayfish, and on Everglades crayfish growth in
conjunction with influences of water and food (Table 3.2). Because Everglades crayfish
grow larger than slough crayfish at an earlier age (sections 3.6.5 to 3.6.8 and Chapter 2),
they may require more resources in terms of food and shelter than slough crayfish. The
larger Everglades crayfish probably also require more oxygen and produce more waste
products, possibly resulting in poorer water quality in more crowded, higher biomass,
conditions.
The relationship between growth and density has been closely examined in studies of
optimal stocking sizes for commercial crayfish culture. These results generally support
theory in that higher density had a significant negative effect on growth, length, and
weight of juvenile and adult P. clarkii (Goyert and Avault 1978; Lutz and Wolters 1986;
McClain 1995; McClain and Romaire 1995; Goyert and Avault 1978), juvenile Cherax
tenuimanus (the marron) (Morrissy et al. 1995), and adult Cherax albidus (the yabby)
(Lawrence et al. 2000). In most cases, stunted animals and increases in mortality are
caused by lack of food, poor water quality, and agonism. Morrissy (1992) noted that
longer duration studies were needed to better understand relationships between density
and growth. In his two year experiment with marron, little growth and high mortality
occurred for the first 300 days, followed by a period during which densities were more
stable and cohort mean weight increased. In commercial aquaculture, high growth rates
can be obtained in high densities of crayfish by maintaining high levels of good quality
food and better water quality conditions.
Questions 2 and 4 were answered in part by results obtained from this research.
Growth of Everglades and slough crayfish was negatively influenced by higher density,
and both species grew larger in lower densities. Everglades crayfish grew larger than
slough crayfish in both densities.
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3.6.8 Growth and Competition
Birch (1957) noted that competitive interactions occur as a result of shortage of some
critical resource required by the competing animals (section 3.6.4). Advantage in
intraspecific and interspecific competition is enhanced for crayfish species that grow
faster and have larger size (Bovbjerg 1953, 1956; Caine 1978; Sousa 1979; Momot
1984). Juveniles normally undergo isometric growth, in which body parts grow at a
similar rate (Reynolds 2002), but small differences in growth can have substantial
influences upon reproduction capacity and rate of population increase (Chapter 2)
(France 1985). Large females tend to produce more and larger eggs (Tack 1941; Mason
1978; Momot et al. 1978; Polis 1981; Momot 1984), from which larger larvae develop
that may gain a competitive advantage over smaller rivals (Reynolds 2002). Large chela
size is important in adult males to hold females (Stein 1976), aid in resource holding
potential (RHP) for shelter and food (Rabeni 1985; Garvey and Stein 1993; Edsman and
Jonsson 1996; Gherardi et al. 2000), and ward off predators (Stein and Magnuson 1976).
In this experiment, the effect of interspecific competition by slough crayfish on the
growth of Everglades crayfish was significant; however, intraspecific competition among
Everglades crayfish had an even greater impact on growth. Juvenile Everglades crayfish
grew the slowest in conspecific combinations. Growth rates were higher in heterospecific
combinations, and juveniles in low density heterospecific combinations grew the largest.
Juvenile slough crayfish also grew the largest in low density heterospecific combinations,
but were smaller than Everglades crayfish in both interspecific combinations.
The size and density (of crayfish) impact food quality and availability, which in turn
affect intraspecific predation (cannibalism) in natural populations (Polis 1981; Lawrence
et al. 2000). Intraspecific competition significantly affects growth, potential fecundity,
and distribution of crayfish within a habitat (Garvey et al. 1994; Lodge and Hill 1994),
and can result in asymmetric interactions that impact future generations by removing
smaller and more vulnerable conspecifics, eggs, newborns, smaller animals, and crayfish
undergoing ecdysis from the population (Abrahamsson 1966; Polis 1981).
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Dominance hierarchies based on body size form in many species of invertebrates,
including crayfish such as Everglades crayfish and O. virilis (Bovbjerg 1953, 1956), and
Cambarellus shufeldtii (Lowe 1956). Generally the smaller the asymmetry in size
between opponents, the greater the time spent fighting (Pavey and Fielder 1996).
Dominant males impact growth of subdominants in Orconectes sp. (Momot et al. 1978)
by influencing food shifts, availability of shelter, and cannibalism (Reynolds 2002). In
one study of aggression in Everglades crayfish juveniles, males did not dominate females
(Bovbjerg 1956), probably because sex hormones were not fully developed. Habitat use
by one size class can be modified when larger conspecifics or heterospecifics are present
(Rabeni 1985).
PCA tests indicated that the effect of slough crayfish on the growth of morphological
variables of Everglades crayfish was not significant by itself, and that the combined value
of effects of slough crayfish along with food, density, and water (p > 0.05) was slightly
above the statistical confidence level limit of p = 0.05 (Table 3.4). It appears that
competitive effects on Everglades crayfish growth by slough crayfish were less
detrimental than competitive influence from cohorts. Here is yet another example of
juvenile Everglades and slough crayfish apparently competing for either different
resources or smaller amounts of resources (section 3.6.4), because aggressive behavior
patterns are not yet fully established, and because growth of Everglades crayfish was
larger in interspecific combinations with slough crayfish than in intraspecific
combinations. Smaller growth rates among Everglades crayfish conspecifics in high
density intraspecific treatments and among slough crayfish conspecifics in high density
heterospecific treatments, suggest that these juveniles were competing more among
themselves for the same resources.
Growth in cambarid crayfish is also evident by development of dimorphic secondary
sexual features and changes in behavior. Up to the age of two months, gender is difficult
to determine, and Everglades crayfish are not usually aggressive (Bovbjerg 1959)
(section 3.6.4 and Chapter 2). Growth of gonopods 1 and 2 indicated that juvenile swamp
crayfish develop to maturity at a faster rate than Everglades crayfish, but that Everglades
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crayfish would grow to a larger size as adults (Chapter 2). Outcomes of competitive
interactions based on size also contribute to species replacements. Increased foraging
costs and higher mortality for subordinate individuals (Abrahamsson 1966; Butler and
Stein 1985; Soderback 1995; Lodge et al. 2000), impact of high growth rates by an
invading crayfish (Huner and Romaine 1978; Momot and Leering 1986; Anastacio and
Marques 1995), and decreased fitness impact competitive interactions that influence
abundance and distribution of animal populations (Sousa 1979).
Results from this experiment answered parts of questions 2 and 4. Interspecific
competition with slough crayfish had a significant effect on the growth of Everglades
crayfish, but intraspecific competition had a stronger impact on Everglades crayfish
growth. By interpolating results from interspecific competition combinations, slough
crayfish growth was also impacted by intraspecific competition. Everglades crayfish
grew larger than slough crayfish in both heterospecific combinations.

3.7 Summary of Results and Conclusions
In answer to the original questions, the null hypotheses that there would be no
significant impacts from food availability, hydrology, density and competition on the
growth and survival of Everglades crayfish and slough crayfish were not supported:
1. Survival of Everglades Crayfish. Everglades crayfish survival was significantly
impacted by all variables, but the lowest survival rates occurred when they were
exposed to low food levels, high density intraspecific competition (AAA), high
density, and low water levels. Although the presence of slough crayfish was a
significant negative influence on the survival of juvenile Everglades crayfish, survival
was higher in treatments of interspecific competition with slough crayfish in low and
high densities, than in high density intraspecific combinations. Other variables in
which Everglades crayfish experienced the highest survival rates included high food
availability, high water levels, drying conditions, and low densities.
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2. Survival of Slough Crayfish. Survival of slough crayfish was significantly impacted
by food availability and different water levels. The lowest survival occurred in low
food availability and low water conditions. Conditions in which slough crayfish had
the highest survival rates included high food availability, drying conditions, low
density, and the low density interspecific treatment.
3. Comparison of Survival between both Species. Similar survival rates of the two
species occurred in high food conditions, high and low water levels, and high density
interspecific combinations (AFF). Survival rates for slough crayfish were
significantly higher than Everglades crayfish in low food levels and in drying
conditions. Everglades crayfish had lower survival rates than slough crayfish under
all conditions tested.
4. Growth of Everglades Crayfish. Growth of juvenile Everglades crayfish was
significantly impacted by all tested variables. Higher impacts on growth were seen in
conditions of low food availability, intraspecific competition in high and low
densities (AA, AAA), high density, and drying conditions. The best conditions for
growth of Everglades crayfish included high food availability, interspecific
competition with slough crayfish in low and high densities, low or high water levels,
and low density.
5. Growth of Slough Crayfish. The growth of young slough crayfish was significantly
influenced by food availability and density. Smaller sizes were seen in conditions of
low food availability, high density, and high interspecific competition (AFF). Slough
crayfish grew largest in conditions of high food availability, low density, and low
density interspecific competition (AF). Slough crayfish grew to the same size in all
three water levels, low density and low density interspecific combinations.
6. Comparison of Growth between both Species. Everglades crayfish grew to larger
sizes than slough crayfish in all conditions tested.
A summary of comparisons of survival and growth rates between Everglades
crayfish and slough crayfish showed interspecific differences in the range of values
(minimum/maximum) for each treatment. Variability within ranges of growth and
survival yielded information that suggests possible competitive advantages (Table 3.7).
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Survival and growth data indicate that resource partitioning is probably allowing these
species to co-exist. While slough crayfish had higher survival rates in all conditions
tested, Everglades crayfish had higher growth rates in all conditions. Larger size, and
probably a more size-structured population, afford competitive advantages to Everglades
crayfish with respect to survival strategies, recruitment, and some types of competition.
Not only would Everglades crayfish require more food to support its larger size, but it
would release greater amounts of waste products. Each species may have slightly
different means of obtaining food (setal arrangements, chelar proficiency), hence may use
different resources to fulfill dietary requirements.
It appears that juvenile Everglades crayfish may be more aggressive than juvenile
slough crayfish because of larger size or inherent aggressiveness. The presence of slough
crayfish seemed to be beneficial to the growth and survival of Everglades crayfish by
deflecting the strong effects of intraspecific competition among juvenile Everglades
crayfish. Competitive influences among conspecifics and heterospecifics seem to be
enhanced in high densities. Finally, a surprising result in relation to impacts of different
water levels, is that some previous studies have suggested that the Everglades crayfish
is more adapted to drying conditions, but slough crayfish had significantly higher
survival than Everglades crayfish in the drying conditions used in this research. Slough
crayfish may be more tolerant of a broader range of water levels on a short term basis
or younger age.
Because this research has been conducted with juvenile crayfish, results may not
reflect effects of these variables on adult crayfish. However, slough crayfish seem to
form a less size-structured population than Everglades crayfish (Tables 3.5 A and 3.7),
which might be expected in crayfish populations that do not have seasonal reproductive
peaks. Slough crayfish could just be better adapted to more stable environmental
conditions. If slough crayfish survival is higher than Everglades crayfish in natural
conditions, then strategies developed by water managers that maintain longer
hydroperiods with more stable environmental conditions could allow slough crayfish an
advantage as an invading species.
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Table 3.1. Treatments of food, water, density and species combinations tested on the
growth and survival of P. alleni, and treatments of food, water and density
combinations tested on the growth and survival of P. fallax.
1

Food quantity (2)

Low

High

Experimental Variable (no. treatments)
2
3
Hydrological regime (3)
Competition/ Density (5)
Control
Low Intra
High Intra
Low
Low Inter
High Inter
Control
Low Intra
High Intra
High
Low Inter
High Inter
Control
Low Intra
High Intra
Drawdown
Low Inter
High Inter
Control
Low Intra
High Intra
Low
Low Inter
High Inter
Control
Low Intra
High Intra
High
Low Inter
High Inter
Control
Low Intra
High Intra
Drying
Low Inter
High Inter
Total Number of Experimental Aquaria

1

No. of
Replicates
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
120

Food quantity: Low: 30 grams Cabomba carolineana; High: 60 grams Cabomba carolineana
Water Levels: Low: water level maintained at 12.7 cm (8L); High: water level maintained at 25.4 cm (16L);
Drying: water level gradually decreased by 3.6 cm (2.29L) bi-weekly from 25.4 cm to 3.6 cm
3
Density and Species Regimes: Control = 5 P. alleni; Low interspecific density = 5 P. alleni + 5 P. fallax; High
interspecific density =5 P. alleni + 10 P. fallax; Low intraspecific density = 5 P. alleni +5 P. alleni; High
intraspecific density = 5 P. alleni + 10 P. alleni.
2
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Table 3.2. Significant (p = 0.05) and nearly significant (0.05 < p < 0.07) probability
values, as determined by analysis of variance (ANOVA), for effects of
experimental factors on angular-transformed survival and log10-transformed
length data for P. alleni (pa) and P. fallax (pf). Log10 transformed data were
also used for the principle components analysis (PCA) of P. alleni data (see
text).
Observed
Response (data
transformation)

pa Survival
(angular
transformation)

pf Survival
(angular
transformation)

pa Length (log
transformation)

pf Length (log
transformation)

PCA 1 pa

Experimental Factors
Compared*

p
<0.0001
Weeks
<0.0001
Weeks* Food
<0.0001
Food
0.0058
Weeks*Species
0.0096
Species
0.0102
Weeks*Density
0.0149
Weeks*Water
0.0462
Density
Weeks
<0.0001
Weeks*Water
0.0001
Food
0.0246
Weeks*Food
0.0377
Density
0.0566
Weeks
<0.0001
Food
<0.0001
Weeks*Food
<0.0001
Weeks*Water
<0.0001
Density
0.0060
Species
0.0280
Sp*Den*Food*Water
0.0628
Weeks
<0.0001
Weeks*food
<0.0001
Weeks*density
0.0004
Food
0.0005
Density
0.0064
Weeks
<0.0001
Food
<0.0001
Weeks*Food
<0.0001
Weeks*Water
0.0003
Density
0.0052
Weeks*Density*Food
0.0487
0.0504
Sp*Den*Food*Water
0.0731
Species

Statistical Results
F
308.546
17.950
17.207
3.084
7.080
2.837
2.118
4.116
76.600
3.458
5.503
2.275
3.878
1847.236
58.284
11.489
3.761
8.025
5.034
2.880
1007.001
9.689
4.294
14.693
8.435
1506.159
53.095
13.430
3.099
8.309
2.133
3.120
3.310

Df
6
6
1
6
1
6
12
1
6
12
1
6
1
6
1
6
12
1
1
2
6
6
6
1
1
6
1
6
12
1
6
2
1

* Weeks = 12 week duration of the experiment; Food = 2 levels — high and low; Water = 3 conditions —
high, low and drawdown; Density (Den) = 5, 10 or 15 animals per tank; Species (Sp) = P. alleni alone or
with either 5 or 10 P. fallax present.

90

Table 3.3 A. Comparison of mean survival rates (%) and standard deviation (s.d.) at 12
weeks, between P. alleni (pa) and P. fallax (pf) for various food levels, water
levels, density, and species treatments. The range of the 95% Confidence
Interval (CI) is shown for those comparisons that were significantly different,
based on a binomial confidence table (Steel and Torrie 1960).
Species

Variable

Mean
Survival (%)

s.d.

N0

lo
lo
hi
hi

39.05
49.16
70.00
70.00

±2.63
±5.80
±2.86
±4.29

480
180
480
180

95% CI Significant Differences
Range (%)
(p = 0.05)**

Food
pa
pf
pa
pf

33-45
41-57

pa vs pf
pa vs pf

Water
pa
lo
52.33
±4.75 320
pf
lo
53.75
±6.51 120
pa
hi
55.50
±3.91 320
pf
hi
57.50
±5.20 120
pa
drying
55.83
±3.84 320
50-62
pa vs pf
pf
drying
67.50
±8.08 120
55-77
pa vs pf
Density (treatment)
Pa (Control)
5
73.33
±5.06 120
Pa (AA, AF)
10
53.33
±3.46 360
pf (AF)
10
65.83
±5.03 120
Pa (AAA, AFF)
15
46.39
±3.62 480
pf (AFF)
15
53.33
±5.73 240
Treatment
Pa (Control)
A
73.33
±5.06 120
pa
AA
53.33
±4.53 240
pa
AAA
40.27
±4.31 360
34-46
AAA vs AF, AFF
pa
AF
53.33
±5.34 120
41-65
AF vs AAA
pa
AFF
52.50
±5.62 120
41-65
AFF vs AAA
pf
AF
65.83
±5.03 120
pf
AFF
53.33
±3.73 240
* No (number of animals in each treatment at the beginning of the experiment) values are based on
grouped data.
** Significant differences between species were determined by comparing the percentages and their
95% C.I., based on No.

3.3 B. Summary of Survival Rates (%). Significant values (based on ANOVA) are
underlined (see test results in Table 3.2)
Food
Species

pa
pf

Low

39
49

Density
Treatments
C Low High C Low
High
High Low High Drying
5
10 15
A AA AF AAA AFF

70
70

Water

52
54

55
57

56
67

73
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53
66

46
53

73 53 53
66

40 52
53

Table 3.4. Correlations among selected length measurements for P. alleni and results of a
principle components/factor analysis (PCA) for these measurements a principle
components/factor analysis for these measurements .
Correlations
Variable
loga-areolaL
loga-carapaceW
loga-chelaL
loga-carapaceL
loga-TL

loga-areolaL loga-carapaceW loga-chelaL loga-carapaceL
1.0000
0.9208
0.8759
0.9015
0.9208
1.0000
0.9769
0.9834
0.8759
0.9769
1.0000
0.9865
0.9015
0.9834
0.9865
1.0000
0.9088
0.9873
0.9858
0.9960

loga-TL
0.9088
0.9873
0.9858
0.9960
1.0000

7 rows were not used due to missing values.

PCA
Principal Components
EigenValue:
Percent:
CumPercent:
Eigenvectors:
loga-areolaL
loga-carapaceW
loga-chelaL
loga-carapaceL
loga-TL

Vector Set 1
4.8114
96.2286
96.2286

Vector Set 2
0.1532
3.0641
99.2927

Vector Set 3
0.0173
0.3457
99.6384

Vector Set 4
0.0144
0.2883
99.9266

Vector Set 5
0.0037
0.0734
100.0000

0.42773
0.45268
0.44882
0.45267
0.45363

0.88155
-0.06221
-0.36920
-0.22390
-0.18044

0.17395
-0.87353
0.35853
0.26523
0.08828

0.09770
0.12244
0.73026
-0.50330
-0.43459

0.01046
0.11473
-0.02062
0.64908
-0.75167
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Table 3.5 A. Comparison of mean total length (MTL in cm), range, standard
deviation (s.d.) and standard error (s.e.) of P. alleni (pa) and P. fallax
(pf), influenced by experimental variables of food, water, density, and
species treatments (competition) at 12 weeks. N12 is the number of
surviving animals at 12 weeks in each treatment. Each A=5 P. alleni,
each F= 5 P. fallax.
Species
Variable MTL(cm)
Food
pa
lo
2.14
pf
lo
1.74
pa
hi
2.51
pf
hi
1.98
Water
pa
lo
2.45
pf
lo
1.90
pa
hi
2.39
pf
hi
1.87
pa
drying
2.33
pf
drying
1.90
Density (treatments)
pa
5
2.56
pa (AA, AF)
10
2.40
pf (AF
10
1.94
pa (AAA, AFF)
15
2.29
pf (AFF)
15
1.83
Treatment
pa
AA
2.32
pa
AF
2.54
pf
AF
1.94
pa
AAA
2.24
pa
AFF
2.41
pf
AFF
1.83

N12

s.d.

s.e.

Range (cm)

172
81
316
126

0.47
0.40
0.50
0.35

0.036
0.044
0.028
0.031

1.2-3.6
1.0-3.2
1.2-4.0
1.1-3.5

153
63
170
68
165
76

0.49
0.38
0.53
0.40
0.54
0.40

0.039
0.047
0.041
0.048
0.042
0.045

1.3-3.8
1.3-3.1
1.2-2.4
1.1-3.5
1.2-3.6
1.0-3.2

88
192
65
207
128

0.46
0.52
0.44
0.53
0.33

0.049
0.037
0.054
0.037
0.029

1.5-4.0
1.3-3.7
1.0-3.2
1.2-3.7
1.1-3.2

128
53
65
144
63
128

0.51
0.51
0.44
0.49
0.59
0.33

0.045
0.070
0.054
0.041
0.075
0.029

1.3 -3.7
1.5-3.6
1.0-3.2
1.2-3.5
1.3-3.7
1.1-3.2

Table 3.5 B. Summary of MTL (cm) data. Significant values are underlined (see
test results in Table 3.2).
Food

Water

Species
Low

pa
pf

2.1
1.7

Density
Low High
10 15

High Low High Drying

2.5
2.0

2.6 2.4 2.3 2.6 2.3 2.5 2.2 2.4
1.9 1.8
1.9
1.8

2.4
1.9

2.4
1.9

2.3
1.9
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C

Treatments
Low
High
AA AF AAA AFF

C
5

A

Table 3.6. Representative densities (crayfish/m2) of P. alleni and P. fallax primarily in
south Florida and the Everglades.
Author/Date

Species

Rhoads 1970
(2/70-6/70)
Kushlan and Kushlan
1979 (1966-1972)

P. alleni

Godley 1980
(1974-1977)

P. alleni

Jelks 1991 (from Jordan
et al. 1996a)
Jelks et al. 1992 (8/8912/91)

P. alleni

P. alleni

P. alleni

Jordan 1996

P. alleni

Jordan et al. 1996a
(8/92-12/93)

P. alleni

Hendrix 2000
(1995-1997)

P. alleni

P. fallax
Acosta and Perry 2001
(1998-2000)

P. alleni

Habitat/ Density

Location

marl prairie
240/acre: 0.059/m2
marsh standing crop
0.2/ m2 (1.6 kcal/ m2 average)
4 kcal/ m2 high
Jan., May, June-lo
April, Nov. hi
Water hyacinth community
10/ m2 average
4/ m2 lo Feb, Mar
61.1/ m2 hi Oct, Nov
Isolated wetlands
2.5/ m2
sawgrass 4.8/ m2
wet prairie 4.0/ m2
gator holes 1.6/ m2
marshes 3/ m2
wet prairie 4/ m2
sawgrass 5/ m2
sloughs 1/ m2
wet prairie 28/ m2
sloughs 3/ m2
16/ m2 overall
Short to interm. hydroperiod:
ES 3.9/ m2
RP 4.7/m2 11/96
2.6/m2 3/97, 11/97
overall 3.7/ m2
Interm to long hydroperiod:
ES 0.48/ m2
RP 1.2/ m2
Marl prairie wetlands
Short hydrop. mean 0.05/m2
Medium hydrop.
0.03/m2
Long hydrop.
0.01/m2

Southeast Everglades/ENP

water hyacinth community
June, July, Nov. high
Jan., Sept, Oct low
marsh
1.4/ m2 Oct 71
20.9/ m2 Dec 71
4.5-7.7/ m2 (1/72-3/73)

Withlacoochee River, Citrus
and Hendry Counties

Southern Everglades/ENP

Rainey Slough
Glades County

Sarasota County
WCA1

WCA1

St. Johns River Basin
Blue Cypress Marsh
Conserv. Area
ENP/ Big Cypress Ntl. Pres.
East Slough (ES)
Raccoon Point (RP)

Eastern ENP

Other Sites
Katz 1966 (11/65-9/66)
*non-unified sampling

P. fallax

Milleson 1976
(7/28/71-4/11/73

P. fallax
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Kissimmee River Basin
Highlands County

Table 3.7. Comparison of results of survival and growth between P. alleni and P. fallax,
and relative ranges of values (higher/lower) for all tested variables based on
Tables 3.3 and 3.5.
Magnitude*
SURVIVAL (%)
Total survival
Low food
High food
Low water
High water
Drying cond.
Low density
High density
Intraspecific Comp.
AF Species Treat.
AFF Species Treat.

P. alleni

P. fallax

54%
lower
same
same
same
lower
lower
lower
low
lower
same

60%
higher
same
same
same
higher
higher
higher
***na
higher
same

higher
higher
higher
higher
higher
higher
higher
high
higher
higher

lower
lower
lower
lower
lower
lower
lower
***na
lower
lower

Range**
Parameter P. alleni P. fallax
Tested
Food

higher

lower

Water

lower

higher

Density

lower

higher

Inter. Comp lower

higher

Food

higher

lower

Water

higher

lower

Density

higher

lower

GROWTH (MTL cm)
Low food
High food
Drying cond
Low water
High water
Low density
High density
Intraspecific comp.
AF Species Treat.
AFF Species Treat

Inter. Comp same

* Effect of each parameter on the relative survival or growth rates of each species
** observed range of variation within replicates for each species
***parameter not tested in this experiment
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same

A

B

Figure 3.1. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high and low
feeding levels during the 12-week experiment. Vertical bars indicate standard
error of the mean.
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A

B

Figure 3.2. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high, low and
drying water level regimes during the 12-week experiment. Vertical bars
indicate standard error of the mean.
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A

B

Figure 3.3. Percent survival of crayfish (A = P. alleni; B = P. fallax) under high and low
density conditions during the 12-week experiment. Vertical bars indicate
standard error of the mean.
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A

B

Figure 3.4. Percent survival of crayfish (A = P. alleni; B = P. fallax) at different levels of
intraspecific (AA and AAA) and interspecific (AF and AFF) competition,
relative to controls (A) during the 12-week experiment. Vertical bars indicate
standard error of the mean.
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A

B

Figure 3.5. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different food levels during the 12-week experiment. Vertical bars indicate
standard error of the mean.
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A

B

Figure 3.6. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different water level regimes (high water, low water and drying) during the 12week experiment. Vertical bars indicate standard error of the mean.

101

A

B

Figure 3.7. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different densities (high = 15 crayfish, low = 10 crayfish) relative to controls (5
crayfish) during the 12-week experiment. Vertical bars indicate standard error
of the mean.
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A

B

Figure 3.8. Change in total length (cm) of crayfish (A = P. alleni; B = P. fallax) at
different levels of intraspecific (AA and AAA) and interspecific (AF and AFF)
competition, relative to controls (A) during the 12-week experiment. Vertical
bars indicate standard error of the mean.
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Plate 3.1. Author measuring and weighing crayfish during the ecology experiment.
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A. Tank racks with experimental blocks

C. Author measuring water levels

B. High water-high food treatment with
crayfish in bottom

D. Containers with drying conditions

Plate 3.2. Ecology experiment tanks and setup.

CHAPTER 4- BEHAVIOR OF PROCAMBARUS ALLENI AND PROCAMBARUS
FALLAX IN SUBSTRATE SELECTION (VEGETATION OR SAND) AND
ACTIVITY, IN THE ABSENCE AND PRESENCE OF A CRAYFISH
PREDATOR
4.1 Introduction
The use of crayfish in behavioral studies has been widely overlooked in community
structuring events, even though they are excellent subjects. Crayfish have a high level of
social interaction and simple communication systems, yet are sophisticated enough to test
ethological hypotheses (Gherardi 2002). Behavioral differences, such as aggressiveness
in competitive dominance, or lack thereof, are important in the evolution of crayfish
(Bovbjerg 1961), may serve as isolating mechanisms between species (Eberly 1960), and
may allow coexistence of several species in limited aquatic habitats (Payne 1996).
Vegetation plays a dual role in the ecology of crayfish by serving as both food and
shelter. Crayfish avoid habitats lacking refuge, as the availability of shelter directly
influences individual survival (Figler et al. 1999), provides decreased risk from predation
(Garvey et al. 1994; Jordan 1996), and may modify crayfish diel behavior (Foster 1993).
Behavioral studies of juvenile crayfish have been conducted on the importance of shelter
possession by Pacifastacus leniusculus (signal crayfish) (Ranta and Lindstrom 1992;
Blake and Hart 1993), by C. quadricarinatus (redclaw) (Karplus et al. 1995), and by
Procambarus clarkii (red swamp crayfish) (Figler et al. 1999). Aggressive activity is
reduced more by increased refuge than food availability in crayfish (Capelli and
Hamilton 1984). Studies of macrophytic food preferences were conducted with red
swamp crayfish (Feminella and Resh 1989; Ilheu and Bernardo 1995; Cronin 1998) and
signal crayfish (Flint and Goldman 1975).
Other studies have focused on the influence of predators on juvenile Orconectes spp.
(Capelli 1975; Capelli and Hamilton 1984), Astacus astacus (noble crayfish) and signal
crayfish (Soderback 1994), and Procambarus alleni (Everglades crayfish) (Jordan 1996).
Predation is a key factor that directly and indirectly influences prey traits, populations
and communities by lowering prey densities, reducing intensity of competition, and
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promoting coexistence of competing prey (Sih et al. 1998). Predation thus plays a role in
promoting biodiversity (Abrams 1999).
Among the few behavioral studies that have been conducted with juvenile crayfish
(Figler et al. 1999), most competitive behavior is related to either sheltering or locating
food (Blake and Hart 1993; Gherardi 2002). Jordan (1996), Jordan et al. (1996a) and
Jordan et al. (1996b) have provided glimpses into behavior of juvenile and adult
Everglades crayfish residing in Everglades habitats, but no information is available
concerning differences in behavioral mechanisms between juvenile Everglades crayfish
and P. fallax (slough crayfish), such as patterns of substrate choices or activity (day
versus night), and whether the presence of an arthropod predator will affect those
choices.
In this experiment, behavioral responses by juvenile Everglades and slough crayfish,
selection of substrate, and examination of activity patterns were quantified. Comparisons
of frequency of behavioral responses of Everglades and slough crayfish were made for
choices of substrates and activity, based on hypotheses that: 1) there would be no
significant difference in the choice of substrates between Everglades and slough crayfish;
2) there would be no significant difference in the pattern of activity between Everglades
and slough crayfish; and 3) that the presence of a caged arthropod predator would not
affect substrate choices or behavior of either species.
In order to quantify responses, choices among three species of vegetation or sandy
substrate and predetermined behavior of juveniles from both species were compared
under laboratory conditions, during both morning and evening, for 48 hours. The
following questions were asked in order to examine hypotheses:
1)

Will there be significant differences intra- or interspecifically, in choice of
vegetation or sandy substrate between day and night?

2)

Will there be significant differences intra- or interspecifically, when
comparing day and night, in expression of seven predetermined behaviors?
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3)

Will the presence of a predator affect substrate choice or the patterns of
behavior of either Everglades or slough crayfish during day and night
observations?

4.2 Materials and Methods
This 48 hour experiment was conducted, during February to April 2002, to quantify
selection of substrate by juvenile Everglades and slough crayfish and behavioral
responses of each species. Daily activities were predetermined, and included resting (no
movement), moving, digging, feeding, avoiding (evading another crayfish after visual
contact), retreating (backing off from a visual or physical encounter), and approaching
(potential encounter with another crayfish). Responses of Everglades and slough crayfish
were tested in the absence and presence of a caged adult crayfish predator.

4.2.1 Experimental Procedure and Equipment
Thirty-five 27.55-liter, square StyleMasterR plastic containers, measuring 43X43X
15 cm (LWH), were set up in the laboratory (Plate 4.1 A). Containers were divided into
four quadrants by use of a meter stick, and marks were made with magic marker on the
rim of the container that denoted separate quadrants. Each of three quadrants was
provided with one plant commonly found in Everglades habitats, the fourth quadrant
remained unplanted as sandy substrate. Vegetation found within Everglades marshes and
used in this experiment included the native floating submergent dicot Utricularia foliosa
(bladderwort), which had about 10% encrusted periphyton, (visually assessed), the native
emergent grass Panicum hemitomon (maidencane), and the monocot Typha domingensis
(cattail) (Dressler et al. 1987), an emergent nuisance plant that continues to invade
Everglades wetlands. Fresh plants were collected from Grassy Waters Preserve (Figure
1.1) and Lake Osborne. Lake Osborne (not shown in Figure 1.1) is a natural lake that is
located in the City of Lake Worth in east central Palm Beach County and is part of a
county park. The littoral zone includes typical wetland plants that occur in natural areas
of South Florida (section 1.7), but much of the shoreline has been invaded by cattails.
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The freshly-collected plants were washed and weighed and approximately 50 - 60
grams of each plant were placed in each container to provide substrate for this
experiment. Highly branched bladderwort floated on the surface covering most of its
quadrant, but allowed visibility through the sides of the aquarium. Due to its light weight
and grassy nature, maidencane was arranged in loose bundles. The tops of thick,
emergent cattail and extra “leaves” were cut off to meet weight restrictions. Roots of
maidencane and cattail were initially buried under three to four cm of sand covering the
bottom of each test container. Sand was collected from the same local natural area and
washed before placement in each aquarium. Plants and sand in aquaria were acclimated
for 24 hours before the addition of crayfish.
The experimental format included four replicate treatments without a crayfish
predator and three replicate treatments containing a caged crayfish predator. Crayfish
were assigned to treatments following Underwood (1986) in part: 3 slough crayfish, 6
slough crayfish, 3 Everglades crayfish+ 3 slough crayfish, 6 Everglades crayfish, 3
Everglades crayfish. Experiments were staggered over four weeks, as only two replicates
could be conducted during each week. All test containers were cleaned out and prepared
with fresh plants and water, and clean sand each week. Lighting was provided by means
of PhilipsR 34 watt fluorescent lights, on a 12/12 cycle from 0700 to 1900 hours.
Temperature was maintained at about 26 - 28 C.
Juvenile crayfish were obtained by collection of ovigerous females from sites
mentioned and described in Chapter 1 (Figure 1.1) and by the mating of adults in the
laboratory. After hatching, young crayfish of the same age were mixed from different
hatches, but were segregated by species, and maintained in 38 liter (10 gallon) holding
containers. When juveniles reached about 1.5 - 2 months old, and were more easily
visible than new hatchlings, individuals were weighed on a portable Ohaus ScoutR
balance with a 200 X 0.01 g capacity. All crayfish were then measured for total length,
and carapace length using a SciencewareR 0.05 mm Vernier caliper. Identification marks
were placed on each crayfish by dotting formaldehyde- and toluene-free nail polish on
the cephalothorax in a specific arrangement with the end of a bristle from a broom.
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Everglades crayfish were marked with orange nail polish, while slough crayfish were
marked with fuschia nail polish. Crayfish were marked, weighed, and measured at least
12 hours before experimentation. Nail polish markings were visible under day and night
conditions, and did not appear to interfere with natural crayfish movements.
Test crayfish within each treatment and replicate were matched by carapace length
(CL) as closely as possible. The mean CL of juvenile Everglades crayfish was 1.38 cm
± 0.18 s.d. and mean CL of slough crayfish was 1.34 cm ± 0.13 s.d. At inception, crayfish
were about 1.5 months old. Since experiments were staggered over four weeks, the
crayfish used in the latter part of the experiment were older and slightly larger. All test
specimens were immature juveniles, so gender and agonism were not factors in selection
of specimens. Each crayfish was carefully examined to ensure that it was not ready to
molt. Individual crayfish were used only once during the experiment.
At inception, all crayfish assigned to a specific treatment were added to the test
container at the same time through a clear, plastic pipe, placed in the center of the
aquarium (Plate 4.1 B). They were released after five minutes and given 15 minutes to
acclimate before the experiment began. Observations of crayfish distribution in quadrants
and behavior (daily activity) were made during a 48 hour time period, once each morning
and once each evening on both days. The observation period on animals in each aquarium
consisted of 15 minute time segments, during which time the quadrant occupied and
activity of each crayfish were recorded every three minutes (five times x two morning
observations x two evening observations = 20 observations per crayfish). Test containers
were chosen randomly during each observation period. Crayfish were observed between
the hours of 0800 to 1200 in the morning and between 2000 and 2400 hours at night.
Evening observations took place under light furnished by a 25-watt Philips
ColortoneR red incandescent light (25A/TR) held in a sling over each container. Light
was turned on above one tank at a time. Sufficient light was present for crayfish and their
numbered markings to be distinguishable. Activity around test tanks was reduced, so that
when the light was moved randomly from tank to tank, crayfish did not appear to be
disturbed, supporting observations of Bovbjerg (1960) and Capelli (1975). Procedures
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relating to nail polish markings and the use of a red light for evening observations were
similar to those of Capelli (1975).
In treatments containing crayfish predators, the predators were adult male Everglades
crayfish, collected from wetlands in the J. W. Corbett area and Jonathan Dickinson Park
(Figure 1.1). They were measured as above, and were matched as closely as possible, by
carapace length, to each other. Each predator was placed into a small cage that was
prepared from GladR disposable 1.5 liter, 16 cm (diameter) X 8 cm (H) rounded
containers, by drilling about 100 1-mm holes through the sides and the plastic top. Holes
were large enough for protrusion of antennae or maxillipeds, but small enough to contain
plant bits. Two small strands of Cabomba carolineana were added as food, and a small
limestone rock was added to weigh the container down. Visibility of predators did not
appear to be decreased through the cage, and chemical cues should not have been
hindered. Crayfish were added to test containers during the morning observation period
on Day 1, in the same manner previously described for addition of test crayfish to
containers without predators, about 15 minutes before predators were added. Predator
cages were gently placed into the center of each aquarium, and impinged on the center
corner portion of each quadrant (Plate 4.1 C). Crayfish in each aquarium were left to
acclimate for 15 minutes before observations began.

4.2.2 Statistical Analysis
In order to determine the significance of patterns of behavioral responses of
Everglades and slough crayfish to choices of substrate and activity, during day and night,
and both in the absence and the presence of a predator, frequency data were statistically
analyzed by goodness of fit tests. These tests of independence were used to determine if
observed frequency values set in a contingency table had the same distribution as those
that were theoretically expected. The chi square (X2) is a distribution of the ratio of the
sample sum of the squares to the actual population variance. Differences of the two chi
square distributions, each divided by its degree of freedom, were conducted using
weighted values with SPSS 10.1 for Windows software. Residual statistics were assessed

111

for each comparison, yielding Pearsons chi square values (X2), probability values (p), and
degrees of freedom (DF). Confidence levels were set at or below 0.05.

4.3 Results
4.3.1 Choice of Substrate in the Absence of a Predator
In treatments that did not contain arthropod predators, Everglades crayfish juveniles
spent nearly 50% of the time in the morning and evening in bladderwort, slightly more
than 30% of the time in maidencane, close to 15% of the time in cattail, and only 7% of
their time on sandy substrate with no vegetation (Table 4.1). There was no significant
difference between the choice of quadrants by Everglades crayfish in morning
observations compared with Everglades crayfish in evening observations (p = 0.960)
(Table 4.2).
Slough crayfish spent 54% of the time in bladderwort in the morning, and 57% of the
time in the evening, more time in maidencane in the morning, 25%, than the evening,
19%, and the least amount of time was spent on sandy substrate, 6% in the morning and
5% in the evening (Table 4.1). There was no significant difference in the choice of
quadrants containing vegetation or sandy substrate by slough crayfish between morning
and evening observations (p = 0.317) (Table 4.2).
No significant difference was found between juvenile Everglades and slough
crayfish in choice of quadrants in the morning (p = 0.179) (Table 4.2). However, there
was a significant difference in quadrant choice at night between Everglades and slough
crayfish (p = 0.001) (Table 4.2). Everglades crayfish spent almost twice as much time in
the maidencane quadrant at night, 33%, as slough crayfish, 19%. Everglades crayfish
spent less time in bladderwort, 46%, than slough crayfish, 57%, at night (Table 4.1).
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4.3.2 Behavior Patterns in the Absence of a Predator
In the absence of a predator, juvenile Everglades crayfish fed 1.5 times more during
the morning 64%, than at night, 41%. At night, Everglades crayfish rested more, 25%,
than during the morning, 6%, and spent more time roaming, 34%, than during morning
hours, 26% (Table 4.3). There was a significant difference between morning and night
behavior of juvenile Everglades crayfish (p = 0.001) (Table 4.4).
Juvenile slough crayfish followed the same pattern as Everglades crayfish during the
day, feeding, moving, resting, but the pattern was reversed at night to resting, moving,
feeding. This difference between morning and evening behavior was significant (p =
0.001) (Table 4.4). Slough crayfish spent 62% of the time feeding during the day
compared with 28% of the time at night, but at night rested 39% of the time compared
with 10% during the day, and roamed 32% of the time compared with 28% during
daylight hours, (Table 4.3).
Although the pattern of behavioral responses was the same for Everglades crayfish
and slough crayfish in the morning (feeding, moving, resting), there were significant
differences in the behavioral responses between both species in daytime (p = 0.009)
(Table 4.4) and at night (p < 0.001) (Table 4.4). During daylight hours, Everglades
crayfish spent more time feeding, 64%, than slough crayfish, 62%, less time resting, 6%,
than slough crayfish, 10%, and less time moving, 26%, than slough crayfish, 28% (Table
4.3). Everglades crayfish also engaged in several behaviors that slough crayfish did not
display: digging, avoiding, and approaching. At night, Everglades crayfish rested less,
25%, than slough crayfish, 39%, but spent more time roaming, 34%, than slough
crayfish, 32%, and feeding, 41%, than slough crayfish, 28% (Table 4.3).

4.3.3 Choice of Substrate in the Presence of a Predator
The presence of a predator significantly affected choices of substrates by juvenile
Everglades crayfish between morning and evening (p < 0.001) (Table 4.6). When
comparing choices of substrate during the morning hours with those at night, Everglades
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crayfish preferred to shelter in bladderwort more frequently at night, 55%, than during
the day, 51%, and spent more time in maidencane during the day, 26%, than at night,
21% (Table 4.5). At night, juvenile Everglades crayfish were more exposed on sandy
substrate, 14%, than during the day, 5%, and spent 11% of their time in the cattail
quadrant in the morning, compared to 13% at night (Table 4.5). No significant difference
was seen in choices of substrate choice between morning and evening by juvenile slough
crayfish (p = 0.702) (Table 4.6).
When a predator was present, significant differences in substrate choices occurred
between Everglades and slough crayfish in the morning (p = 0.002) and in the evening (p
< 0.001) (Table 4.6). Comparing Everglades crayfish with slough crayfish during the
morning, Everglades crayfish spent an equal amount or more time than slough crayfish in
all substrates, except for bladderwort. Slough crayfish spent 1.3X more time, 73%, than
Everglades crayfish, 55%, in bladderwort (Table 4.5). At night, similar choices were
observed, with slough crayfish spending about 1.4X more time in bladderwort, 71%, than
Everglades crayfish, 51% (Table 4.5).

4.3.4 Behavior Pattern in the Presence of a Predator
In the presence of a predator, during daylight hours, Everglades crayfish spent about
three times as much time feeding, 75%, as at night, 24%. Juveniles were more likely to
rest almost six times more at night, 46% than during the day, 8%, but moved around
twice as much at night, 30%, than during the day, 15% (Table 4.7). The behavior of
Everglades crayfish juveniles was significantly affected when day and night patterns of
behavior were compared (p < 0.001) (Table 4.8).
There was also a significant difference between morning and evening behavior of
juvenile slough crayfish (p < 0.001) (Table 4.8). These crayfish fed five times as much
during the day, 75%, than at night, 15%, but at night they rested almost five times more,
69%, than during daylight hours, 15%. Juvenile slough crayfish also roamed more at
night, 15%, than during the day, 10% (Table 4.7).
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There were significant differences between behavior patterns of juvenile Everglades
and slough crayfish both day (p = 0.022) and night (p < 0.001) (Table 4.8). In daytime
hours, slough crayfish spent almost twice the amount of time resting, 15%, as Everglades
crayfish, 8%, but Everglades crayfish moved around more, 15%, than slough crayfish,
10%. Both species spent the same amount of time feeding, 75%, in daylight hours (Table
4.7). When a predator was present, at night, slough crayfish spent more time resting,
69%, than Everglades crayfish, 46%, but Everglades crayfish spent twice as much time,
30%, as slough crayfish, 15%, moving around. Everglades crayfish also fed nearly twice
as much, 24%, as slough crayfish, 15%, at night (Table 4.7).

4.3.5 Comparison of the Choice of Substrate between the Absence (APR) and the
Presence (PR) of a Predator
There was a significant difference in the choice of substrate of juvenile Everglades
crayfish in the daytime (p = 0.022) (Table 4.9) and at night (p = 0.001) (Table 4.9),
comparing observations in the absence (APR) and the presence (PR) of a predator. In the
presence of a predator during the day, Everglades crayfish spent more time in
bladderwort, 55% vs 47%, and less time in maidencane, 26% vs 31%, cattail, 11% vs
15%, and on sand, 5% vs 7% (Table 4.10). At night, in the presence of a predator,
juvenile Everglades crayfish secluded more in bladderwort, 51% vs 46%, spent less time
in maidencane, 21% vs 33%, and were twice as exposed on sandy substrate, 14% vs 7%
(Table 4.10).
Choices of substrate were also significantly different for juvenile slough crayfish in
the daytime (p < 0.001) (Table 4.9), and at night (p < 0.001) (Table 4.9), comparing
observations in the absence (APR) and the presence (PR) of a predator. In the presence of
a predator during the day, the slough crayfish was found nearly 1.4 times as much in
bladderwort, 73% vs 54 %, spent less time in maidencane 16% vs 25%, cattail, 6% vs
15%, and sand, 4% vs 6% (Table 4.10). At night, in the presence of a predator, juvenile
slough crayfish secluded more in bladderwort, 71% vs 57%, spent a similar amount of
time in maidencane as when a predator was absent, 20% vs 19%, but spent less time in
cattail, 6% to 18%, and on sandy substrate, 3% vs 5% (Table 4.10).
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In all treatments, both in the absence and the presence of a predator, choices of
substrate were similar. Everglades and slough crayfish chose vegetation or sand in the
following order, in the morning and in the evening: bladderwort, maidencane, cattail, and
sandy substrate (Table 4.9). Crayfish of both species spent less than 10% of the time on
sandy substrate, in morning and evening hours. The one exception was that Everglades
crayfish juveniles spent 14% of the time on sand at night in the presence of an arthropod
predator (Tables 4.1, 4.5, and 4.10).

4.3.6 Comparison of the Pattern of Behavior in Absence (APR) and the Presence
(PR) of a Predator
There was a significant difference in the pattern of behavior of juvenile Everglades
crayfish in the daytime (p = 0.001) (Table 4.11), and at night (p < 0.000) (Table 4.11),
comparing observations in the absence (APR) and the presence (PR) of a predator. In the
presence of a predator during the day, Everglades crayfish fed more, 75% vs 64%, rested
more, 8% vs 6%, moved around less, 15% vs 26%, and spent less time engaged in other
activities, such as digging, avoiding and retreating (Table 4.12). At night when a predator
was present, juveniles were most often engaged in resting, 46%, compared to 41%
foraging activity in the absence of a predator (Table 4.12). In the predator’s presence, the
amount of time spent in movement was slightly reduced, 30% vs. 34%, and the least
engaged activity was feeding, 24%, compared to resting, 25%, in the absence of a
predator (Table 4.12).
Juvenile slough crayfish also showed significant differences in the pattern of
behavior in the daytime (p < 0.001) (Table 4.11) and at night (p < 0.001) (Table 4.11),
comparing observations in the absence (APR) and the presence (PR) of a predator.
During the morning in the presence of a predator, slough crayfish fed more, 75% vs 62%,
rested more, 15% vs 10%, and moved around less, 10% vs 28% (Table 4.12). At night, in
the presence of a predator, slough crayfish rested nearly twice as much, moved around
half as much, 15% vs 32%, and fed half as much, 15% vs 28% as they did in the absence
of a predator (Table 4.12).
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In all treatments, both in the absence and the presence of a predator, a consistent
pattern of activity was observed. Everglades crayfish spent the greatest amount of time
feeding, followed by moving, and then resting, during both day and night (Table 4.12).
The only exception was that at nighttime, in the presence of a predator, juveniles rested
more than they moved around or fed (Table 4.12). Slough crayfish followed a similar
pattern to Everglades crayfish during the day when no predator was present. When a
predator was present, during daylight hours, juvenile slough crayfish fed more than any
other activity, then rested, and spent the least amount of time moving around. At night,
slough crayfish rested most of the time, then moved around, and fed, both in the absence
and presence of the crayfish predator (Table 4.12).

4.4 Discussion
4.4.1 General Mechanisms Driving Substrate Choice and Patterns of Behavior
Seasonal variations in hydrological conditions affect the composition of vegetation
(Davis and Ogden 1994; Jordan 1996; Sklar et al. 2002) and different predator
assemblages, e.g. predatory arthropods in shallower waters versus large fish in deeper
waters (Loftus et al. 1986; Loftus and Eklund 1994; Jordan 1996; Trexler et al. 2002) in
Everglades environments, which, in turn, influence crayfish survival and community
composition. Vegetation enhances populations of juvenile Everglades crayfish in ponds
in the Everglades (Conover and Reid 1972), by providing food and protection from
predators, and offers an anchoring substrate to juvenile crayfish, such as
Austropotamobius pallipes (white-claw), during floods (Nystrom 2000).
Local adaptations to survival and reproductive strategies of Everglades and slough
crayfish may be traced back to the range of each species. Slough crayfish extend north
into southern Georgia, but the Everglades crayfish are endemic to the state of Florida and
is common in the wetlands of the southern Everglades. De Angelis et al. (1997) indicated
that in tropical and subtropical ecosystems, hydrologic pulsing, associated with annual
rainfall cycles tends to have a dominant effect on life cycles and abundance of aquatic
animals. By contrast, in higher temperate latitudes, life cycles and abundance tend to be
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controlled by seasonal temperature changes (Momot 1993). Furthermore, even though
both species can reproduce throughout the year, the Everglades crayfish has two seasonal
reproductive peaks in May and November that seem to correlate with the hydrologic
cycle. Slough crayfish seem to reproduce year-round, with minor peaks during those
times (Hendrix 2000), which indicates that its reproduction may keyed to some different
factor, such as temperature. Hence, juvenile stages of these two species of crayfish could
be driven by different survival mechanisms that relate to shelter, behavior, and
reproduction
Choices of substrate and behavior patterns for Everglades crayfish and slough
crayfish will refer to proportions of total observations throughout this discussion.

4.4.2 Plants Used as Refuge and Food in the Absence of a Predator. Question 1.
For many species of crayfish, macrophytes provide both food and shelter. Sparse
information is available for any crayfish species regarding macrophyte-herbivore
interactions and plant traits that influence those choices (Cronin 1998). The few available
documented studies have focused on adult crayfish, hence little is known about plant
preference regarding feeding or shelter by juveniles of most crayfish species, including
Everglades and slough crayfish, and red swamp crayfish (Figler et al. 1999).
This experiment was conducted, in part, to determine if either Everglades or slough
crayfish displayed a preference for a specific plant or sandy substrate, if there were
significant differences in choice of substrate between day and night, and between these
two species. In the absence of a predator, under all test conditions, bladderwort was the
favored choice of both species, followed by maidencane, cattail, and sandy substrate.
There were no significant differences in choices of substrate between morning and night
intraspecifically, but slough crayfish spent more time in bladderwort than Everglades
crayfish at night.
Generalist procambarid herbivores chose vegetation based on several primary factors
including: structure and morphology of plants, nutritive value, and chemical defenses
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(Cronin 1998). Crayfish prefer macrophytes that are easy to handle, shred and consume,
such as highly branched or filamentous submerged vegetation (e.g. bladderwort) and
algae (Abrahamsson 1966; Lorman and Magnuson 1978; Lodge 1991; Cronin 1998;
Lodge et al. 1998), to more robust emergent species (Lodge 1991; Nystrom 2002). Red
swamp crayfish, when offered a selection of nine living plants, chose highly branched
and filamentous forms over those with thick, flat leaves (Cronin 1998). None of the
macrophytes used in this research has known chemical defenses, even though they may
differ in nutritional value. Softer textured macrophytes may be preferred by crayfish
because they are easier to digest (Lodge 1991), and probably result in more rapid
recycling of epiphytic microbes (Lodge et. al. 1998; Wetzel and Sondergaard 1998) than
more robust emergent plants such as cattail.
Additional benefits of the bladderwort “community,” which forms a substantial part
of the vegetative mass of the Everglades, include plankton-filled bladders and encrusting
periphyton (Browder et al. 1994). Bladderwort is the most highly branched of the three
Everglades plants tested in the present research, has the greatest amount of surface area,
and, combined with its mucus coating, provides increased hiding places from predators
and protection for young crayfish during molting. Since bladderwort is a carnivorous
plant, it captures abundant plankton and stores this material in bladders that may provide
an additional high quality food source for juvenile crayfish.
Bladderworts become encrusted with two main forms of periphyton, which harbor
microinvertebrate and microbial communities (Bosserman 1983) that are important to
diets of juvenile crayfish (Capelli 1975; Brown et al. 1992; Lodge and Hill 1994; Momot
1995). Researchers agree that green algae-based periphyton is probably of higher
nutritional value than blue-green (cyanobacteria-based) periphyton (VanMeter-Kasanoff
1973; Browder 1994; Lodge et al. 1998). In Everglades environments, green periphyton
was found in higher quantities in crayfish stomachs than blue-green periphyton (Browder
et al. 1994). A macroinvertebrate species shift could result, if for instance, blue green
periphyton proliferated at the expense of more nutritious green periphyton. Such a shift
could impact growth and survival of crayfish and could be reflected throughout
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Everglades food webs. Some periphyton grows on thicker stemmed emergent plants, such
as cattail, but these plants may be more of a feeding/digestive challenge to grazers
because of the tough consistency of the fibrous stems (Momot 1995). Probably because
of these advantages, juvenile Everglades and slough crayfish spent more time in
bladderwort than in more robust species (Lodge 1991; Cronin 1998) such as maidencane
or cattail.
In this study, juvenile slough crayfish spent more time in highly sheltered
environments than juvenile Everglades crayfish. At night, slough crayfish sheltered more
often in branched bladderwort than did Everglades crayfish, whereas Everglades crayfish
selected the grassy, less protective, maidencane more often than did slough crayfish.
Mason (1970) suggested that juveniles learn to choose among a variety of shelters and
substrates under different conditions, and tend to choose the most optimal materials for
survival. Natural selection favors microdistribution patterns of juvenile crayfish, which
are probably innate, and would favor juveniles that hide in substrate to prevent
elimination (Hobbs 1993).
Emergent vegetation may enhance distribution of burrowing species, such as
Everglades and red swamp crayfish, because along with food and shelter, erect stems
provide an escape route to atmospheric oxygen during periods of low oxygen
concentrations (Huner and Barr 1991).
Everglades crayfish spent about one third of the time in the maidencane quadrant,
whereas slough crayfish spent about one quarter of the time during the day and slightly
less time at night in maidencane. Maidencane, a flat-bladed perennial grass (one of
several species of Panicum that are found in natural areas of South Florida), supplied an
intermediate amount of surface area for protection, when compared to bladderwort and
cattail. Young Everglades and slough crayfish spent a similar amount of time to red
swamp crayfish in the cattail quadrant, (Cronin 1998), about 15%

As juvenile

Everglades and slough crayfish climbed up cattail stems, they could be seen hiding in the
leaves and shredding fibers. Grazing on living cattail by red swamp crayfish was an
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intermediate choice between feeding on living filamentous and flat, blade-like forms
(Cronin 1998).
Studies by Jordan (1996), Jordan et al. (1996a), and Jordan et al. (1996b) further
explore links between substrate and crayfish survival. Habitat use by crayfish in wetlands
is influenced by the risk of predation, but foraging efficiency of resident predatory fish in
complex habitats is reduced due to structural interferences. In the absence of a predator,
Everglades crayfish preferred vegetated habitat to sandy substrate, and increased use of
non-vegetated habitats at night. Jordan (1996) also noted that the preference of vegetated
habitats is probably an evolutionary response to the selective pressure of predators
(section 4.4.4). In this experiment, both species spent less than 7% of total time on sand,
during either day or night. Sandy substrate would provide little food other than a small
amount of detritus and no refuge from cohorts. Juvenile crayfish may risk more exposure
at night on sand because most predatory fish are visually oriented toward prey and may
not see well at night.
Increased use of vegetative shelter by slough crayfish could indicate that
microhabitat hydrological factors influence slough crayfish and Everglades crayfish in
different ways. Dwelling in longer hydroperiods and deeper waters than Everglades
crayfish (Chapters 1 and 3), slough crayfish may be more exposed to fish than to
terrestrial predators, and thus use vegetation more for refuge than Everglades crayfish. If
the slough crayfish evolved in a colder climate and has recently extended its range into
the Everglades ecosystem subsequent to colonization by Everglades crayfish, then slough
crayfish may have had less time to adapt to local seasonal conditions. In a colder climate,
reproductive responses may be adapted to respond to rising water temperatures during the
spring and summer months. Thus, in the subtropical setting of the Everglades, slough
crayfish may reproduce throughout most or all of the year when water level, vegetation,
and other conditions exist that provide favorable conditions for survival of the offspring.
It is interesting to note that even in the absence of a predator, a clear choice of
substrate by both juvenile Everglades and slough crayfish was observed during only two
days of testing. Both species sought substrate with the highest amount of three121

dimensional protection and biomass (food supply), both day and night. Slough crayfish
sought significantly more protection within vegetative substrates than Everglades
crayfish at night. Both species spent the least amount of time on the sand substrate, where
exposure to predators was greatest.

4.4.3 Behavior in the Absence of a Predator. Question 2.
So few aspects of crayfish behavior have been investigated that the activity patterns
of most crayfish remain a mystery (Gherardi 2002). Daily activity may be altered by
crayfish to provide maximum use of resources and minimize predation, especially among
juveniles. Crayfish tend to avoid risky behavior that might attract predators, and possibly
limit feeding. Differences in behavior may function as resource partitioning mechanisms
between crayfish species (Bovbjerg 1961), but true species isolation implies important
differences among common traits in closely related species (Bovbjerg 1970). Changes in
behavior influence contact with other members of the community that exhibit specific
behavioral cycles (Capelli 1975), and can influence predator-prey interactions. The phase
of crayfish life between hatching and finding a suitable and safe habitat is critical. Blake
and Hart (1993) discuss early behavior of new hatchlings in this regard and note that
substratum governs choice (and activity) of juvenile crayfish.
The present research was undertaken to determine if either Everglades or slough
crayfish demonstrated patterns of behavior, and if there were significant differences
between day and night, intra- and interspecifically. In the absence of a predator, the
pattern of behavior for Everglades crayfish remained the same both day and night, where
juveniles spent the most time feeding, moving around, and resting. Juveniles spent less
time feeding at night, and more time moving around and resting. Everglades crayfish
juveniles were more active diurnally, although they were still quite active at night.
Movement is important in determining if juveniles have a home range, and if the young
crayfish will travel to find food or shelter, thus increasing risky behavior.
In the absence of a predator, slough crayfish followed a similar pattern of behavior
during the day as Everglades crayfish by actively foraging and moving around the
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majority of the time. However, juvenile slough crayfish at night rested much more,
moved around slightly more and spent the least amount of time feeding, thus reduced
their active behaviors by nearly 70%. Slough crayfish young are also more diurnal than
nocturnal.
The number of behavioral responses may be different for each species during
conspecific and heterospecific encounters. O. virilis exhibits 19 behaviors, which is close
to the range for fish, birds, and mammals, 15 to 18 (Gherardi 2002). Prior to the current
research, juvenile Everglades and slough crayfish were monitored for activities
undertaken during a 24 hour period, and seven typical activities were identified.
Avoidance, strike, threat and fight are real behaviors recognized in the field, but in one
study of Everglades crayfish, no signs of aggression were seen until about two months of
age (Bovbjerg 1956). No responses involving contested bouts (fighting) were observed
prior to experimentation, hence aggressive fighting responses were not included in
observations monitored during this research.
Instead, juvenile Everglades and slough crayfish were more likely to flee than fight.
When crayfish moved around the aquarium from one substrate to another, the very few
observed visual encounters between a resource holder and a newcomer led to the
newcomer backing slowly off, or if either juvenile was startled, backswim avoidance
behavior occurred. Inconsistencies in behavior may occur under laboratory conditions,
when individuals of similar ability encounter each other. The outcome of the encounter
may be determined by small variations of subtle factors, such as posture or direction of
movement (Capelli and Hamilton 1984).
Aggression would be useful to young of the year only when resources are limiting.
Otherwise juveniles should spend most of their active time feeding (Butler and Stein
1985), as did juvenile Everglades and slough crayfish. In treatments with no predator,
both species fed more during the day than at night. However, while feeding was the most
active behavior for Everglades crayfish at night, it was the least engaged behavior of
juvenile slough crayfish, which most often rested at night. This type of behavior could be

123

an innate survival response to predators, or could indicate that the smaller-sized slough
crayfish require less resources than do Everglades crayfish.
Responses in minimizing predation include alteration of behavior in relation to
availability and type of shelter. Shelter availability greatly influences distribution and
abundance of crayfish, and can impact the carrying capacity of a specific locale
(Andrewartha and Birch 1954). Few studies have been conducted on behavioral rhythms
in the field and correlated to results in the laboratory. Lack of shelter influenced
aggressive activity in adult male O. rusticus even more than food availability (Capelli and
Hamilton 1984), while daily activity of Austropotamobius pallipes (white-claw) was
related to the availability of shelter and photoperiod (Gherardi 2002). Results from a rare
study of movement and behavior of A. astacus young indicated that behavioral responses
of stage II juveniles (hatchlings) are probably innate (Jonsson 1992). Ranta and
Lindstrom (1992) found that juvenile signal crayfish resided during the day in sheltering
burrows, but left their burrows at twilight to forage.
Shelter possession directly influenced crayfish survival through decreased risk of
intraspecific and interspecific predation (Garvey et al. 1994; Soderback 1994). In studies
where sympatric, heterospecific crayfish are the same size, the dominant species is
typically more aggressive and able to secure preferred substrate more often than the
subordinate species (Penn and Fitzpatrick 1963; Bovbjerg 1970; Capelli and Manjul
1982; Soderback 1994; Blank and Figler 1996). In the presence of vegetative shelter no
cannibalism occurred among juvenile red swamp crayfish unless molting was involved
(Figler et al. 1999). Neither intraspecific nor interspecific cannibalisim was observed
during the present research with Everglades and slough crayfish.
A long accepted theory by astacologists is that, in general, most crayfish, including
Cambarinae, are nocturnal (Bovbjerg 1956; Hobbs 1991). Several species of crayfish
seem to be more active nocturnally, such as O. virilis (Hazlett et al. 1974), A. pallipes,
and A. astacus (Gherardi 2002). Van Deventer (1937) stated that contrary to popular
opinion, he found O. propinquus to be more active during daylight hours. Bovbjerg
(1956) obtained similar results to Van Deventer, but noted that there was a considerable
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amount of variation from nocturnal activity by individuals of many crayfish species.
Rhythms of activity were modifiable by altering photoperiod in O. virilis, but most
activity took place at night (Andrewartha and Birch 1954). A peak in activity occurred an
hour after sunset, then activity declined during the night until early morning hours, when
activity increased in some animals. Activity was especially reduced during the day when
shelter was available. Much of the active behavior of crayfish was food related (Capelli
1975). Animals foraged slowly about the substrate, moved a little, then stopped to test or
ingest an item. Similar foraging behavior was observed in both Everglades and slough
crayfish, both day and night.
Observations of juvenile behavior may provide clues to adult behavior. For instance,
juvenile red swamp crayfish exhibited territorial defense, similar to that seen in adult
conspecifics (Figler et al. 1999). Most of the juvenile and adult Everglades crayfish that
escaped from holding tanks during this research absconded at night. During peak mating
seasons in the Everglades, Everglades crayfish mate and carry eggs in burrows, which are
poorly oxygenated (Rhoads 1970) and contain little food for adults. Adult Everglades
crayfish that emerge at night to forage and replenish oxygen supplies, exhibit risky
behavior in relation to nocturnal predators such as raccoons, but may increase their
protection from daytime predators such as fish and wading birds (section 4.5.3).
In the absence of a predator, both species seemed to exhibit a pattern of behavior that
was diurnal rather than nocturnal. Feeding was the primary activity during the day. While
the Everglades crayfish was more actively mobile at night, slough crayfish spent more
time resting and the least amount of time feeding. Differences in behavior patterns of
these two species between day and night indicate that behavior could be a possible
resource partitioning mechanism that allows Everglades and slough crayfish to coexist
throughout their syntopic and sympatric ranges.
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4.4.4 Predators
4.4.4.1 Influence of Predators on Juvenile Crayfish
The abundance of many species of invertebrates is determined largely by predators.
In many of these relationships, prey are even more successful in the presence of a
predator than when predators are absent (Sih et al. 1998), including crayfish (Lorman and
Magnuson 1978; Nystrom 2002). Because of their small size, softer and less calcified
exoskeletons, and frequent molting, juvenile crayfish are more vulnerable to predators
(Tack 1941; Penn 1950; Crocker and Barr 1968; Momot 1967; Dye and Jones 1975; Price
and Payne 1984; Nystrom 2002) than are adults (Table 1.1) (Stein and Magnuson 1976;
Butler and Stein 1985; Elvira et al. 1996). There is scant information available
concerning the effects of predators on substrate choice and behavioral responses of
juvenile crayfish. Juvenile crayfish avoid predation by escaping, seeking cover to
minimize exposure (Mason 1970; Capelli 1975; Stein and Magnuson 1976; Butler and
Stein 1985; Blake and Hart 1993; Soderback 1994) or becoming less active (Capelli
1975).

4.4.4.2 Predator Recognition
An important issue related to crayfish behavior and survival is whether juvenile
crayfish actually “recognize” invertebrates, such as adult crayfish, and vertebrates as
predators. Vision and touch are more important to crayfish than the sense of smell
(Dearborn 1899; Holmes and Homuth 1910; Bobjverg 1956). Crayfish have typical
arthropod eyes that allow vision in dim light; are highly sensitive to movement such as
that of predaceous fish, birds, and raccoons; and are polarized for color vision (Vogt
2002). Crayfish can probably identify some predators through chemical cues, which
would be an important advantage in habitats where visibility is poor. The sense of smell
in crayfish is mediated by olfactory sensors in the antennules, antennae, mouth parts, and
tips of chelipeds (Holmes and Homuth 1910; Vogt 2002), but crayfish do not necessarily
perceive predators in their path as a visual stimulus (Capelli 1975; Jonsson 1992), until
the object is “touched” (Bell 1906; Capelli 1975).
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4.4.4.3 Adult Crayfish and Insects as Predators of Juvenile Crayfish
Although fish are probably the most important predators that affect crayfish survival,
growth, activity, and distribution, invertebrate predators, such as dragonflies and adult
crayfish, also influence the abundance of juvenile crayfish (Momot 1993, 1995). Crayfish
may be considered keystone predators in most ecosystems (Holdich 2002), as they
interact at all trophic levels and influence community stability by switching to the most
abundant prey (Hobbs 1993). When newly hatched young were present in shallow waters,
the stomachs of adult O. propinquus contained large numbers of hatchlings and older
juveniles (Capelli 1975). Likewise, adult male and non-maternal female signal crayfish
eat young crayfish (Mason 1977). Cannibalism on smaller individuals was probably
partially due to the size differences between young of the year and adult crayfish.
Predation at one trophic level elicits a complimentary response by smaller species or
individuals at lower trophic levels. Andrewartha and Birch (1954) presented several
phenomena that occur in regard to insect predators, but could also be applied to arthropod
predators, such as crayfish: prey may be widely scattered relative to powers of dispersal
of the predator and the senses of insects limit their perception in locating prey that are
quite close to them or are concealed.
Intraspecific predation (cannibalism) can be genetically controlled (Polis 1981), but
in crayfish may be strongly influenced by dominance hierarchies, food shifts, and shelter
availability (Momot et al. 1978). In some species of crayfish such as signal crayfish
(Blake and Hart 1993), hatchlings can detect a maternal pheromone that protects them
from cannibalism by the mother while more than 10 eggs remain on her pleopods
(Gherardi 2002). Detection of chemical cues by juvenile crayfish could initiate
antipredatory responses, or mediate behavior in order to conserve energy (Appleberg et
al. 1993). In laboratory experiments, adult crayfish significantly affected survivorship of
7-12 mm O. virilis, and aeshnid naiads (dragonfly larvae) were effective predators on 4-6
mm hatchlings (Dye and Jones 1975). Jonsson (1992) found that predation by a single
dragonfly larva eliminated 25 juvenile A. astacus within 7 days. Dragonfly larvae may
thus have a greater effect than adult crayfish on survival of juvenile crayfish.
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4.4.5 Choice of Substrate in the Presence of an Arthropod Predator. Question 3.
The presence of an arthropod predator significantly modified substrate choice of
Everglades and slough crayfish at all times. Both species responded to the presence of a
predator by choosing substrates that most often offered optimal refuge and probably
maximum nutrition. Juveniles increased seclusion in bladderwort, and decreased time
spent in all other substrates. The one exception was increased exposure on sand in the
evening by Everglades crayfish, which could indicate that they did not recognize the
adult as a predator, or that this choice could be an innate response in preparation for
adulthood regarding increased nocturnal migratory, feeding, and mating activities. Slough
crayfish greatly increased time spent in bladderwort day and night in the presence of a
predator, and chose bladderwort considerably more than Everglades crayfish at any time.
The presence of a predator could have impacted slough crayfish more strongly, because it
is better adapted to the presence of predatory fish, which are more likely to be present in
areas that have longer hydroperiods and deeper waters (section 4.4.6 and Chapter 3).

4.4.6 Behavior Patterns in the Presence of an Arthropod Predator. Question 3.
The presence of an adult crayfish resulted in significant changes in behavior by
juvenile Everglades and slough crayfish. At night, feeding by Everglades crayfish
decreased, but resting increased. Slough crayfish also decreased feeding at night, but
dramatically increased the amount of time spent resting. Both species roamed more at
night than during the day. Movement by both species was reduced in the presence of the
caged predator, but at night Everglades crayfish wandered around twice as much as
slough crayfish, and slough crayfish rested much more than Everglades crayfish.
Everglades crayfish were more active than slough crayfish in the presence of the
predator.
It does not pay to reduce activity unless risk of mortality is high, but even the
presence of a predator can initiate anti-predator responses, and affect the feeding and
growth of prey (Nystrom 2002). Anti-predator responses can be more subtle than overt
movement, and can include changes in feeding, sheltering, and exposure. When crayfish
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are feeding in vegetation, they are also sheltered from predators. Both species rest more
at night in the presence of a predator, but slough crayfish remain inactive more than
Everglades crayfish at all times, especially at night. It is possible that this type of
behavior could be cryptic in nature, a behavior often seen in insects, where crayfish blend
in with their surroundings through anatomical features or behavior to reduce attention
from predators (Hobbs 1991).
Interactions between adult crayfish and predatory insects with juvenile crayfish may
be different for each species and may depend on the size of the mandibles of the predator,
aggressiveness of the predator, and the strength of the predator’s hunger. Results from
one study indicated that encounters between young and adult O. propinquus under
laboratory conditions appeared to be random, in that there were no directed searches for
young by adults (Capelli 1975). In a different laboratory study, Jonsson (1992) noted that
Aeshna larvae consumed juvenile A. astacus, but the young crayfish did not seem to
recognize the insects as predators, hence did not seek shelter more actively.
If slough crayfish tend to live in longer hydroperiods and more permanent waters
than Everglades crayfish, it could be more sensitive to detection of aquatic fish and
arthropod predators, than of terrestrial predators. In the presence of a caged arthropod
predator, the juveniles could not touch the predator, but may have detected the presence
of the adult predator through chemical or visual cues, and recognized it as a threat. They
would be more likely to attract attention from a predator while feeding or roaming than
resting. This may explain why slough crayfish rested more and fed less in vegetation at
night in the presence of the predator, than in its absence.
Everglades crayfish could have had more time, evolutionarily speaking, to become
adapted to a wider range of local environmental conditions, including living on land and
overland migrations, than slough crayfish. Behavioral strategies of Everglades crayfish
probably prepare juveniles for a semi-terrestrial life style. Everglades crayfish are more
active in movement than slough crayfish, which could indicate that they may be more
inclined to search for food over longer distances, or they could seek more optimal
circumstances when water quality degrades. Everglades crayfish probably do not require
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vegetation as much as slough crayfish do for survival, as burrows would be a survival
strategy on land. Everglades crayfish grow larger than slough crayfish (Chapters 2 and 3)
as adults, and therefore probably have better defense mechanisms such as large
intimidating chela displays to frighten away diurnal predators including wading birds and
fish. Hendrix (2000) noted that a seasonal fall peak in hatching of Everglades crayfish
may decrease predation, as predatory fishes are more likely to forage in open marshes
during the summer. Preparation for adulthood may have allowed juvenile Everglades
crayfish to detect the presence of the arthropod predator, but not necessarily recognize it
as a threat to survival.

4.4.7 Influences of Vertebrate Predators on Substrate Choice and Behavior
Even though not a focus of this discussion, it would be remiss to omit mention of
vertebrate predators. The list of predators on crayfish is long, and includes members of all
vertebrate classes (Hobbs 1993) in the Everglades (Table 1.1). Little is known about
specific predator mediated biotic interactions (Abrams 1999), especially in relation to fish
and arthropod life cycles Everglades marshes. The sketchy available information suggests
that fish are the most important predators on freshwater crayfish, with respect to effects
on abundance, behavior, growth, and survival (Stein and Magnuson 1976). The presence
of these visually hunting predators probably contribute to the nocturnal activity patterns
often seen in crayfish (Hamrin 1987; Gherardi 2002), even though the influence of
predators on modeling the timing of crayfish activity has never been proved (Gherardi
2002). Jordan (1996) noted that predatory fish found in the Everglades, such as bass,
sunfish, and gar, were quiescent at night, and that Everglades crayfish increased their use
of non-vegetated habitats nocturnally in the absence and the presence of predators. In the
current research, juvenile Everglades crayfish, but not juvenile slough crayfish, increased
use of the non-vegetated habitat, sand, at night (in the presence of the arthropod
predator).
The effect of predatory fish on crayfish populations can be mediated by the ability of
crayfish to modify behavior and distribution to avoid fish predators (Capelli 1975;
Soderback 1994), the gape-size of fish predators, and habitat complexity (Stein and
130

Magnuson 1976; Rabeni 1992; Garvey et al.1994; Jordan 1996; Jordan et al. 1996b;
Nystrom 2002) and the size of the crayfish in terms of defensive abilities (Stein and
Magnuson 1976; Garvey et al.1994). Avoidance behavior by juvenile crayfish can be
energy consumptive, and may result in reduced feeding opportunities and growth (Hill
and Lodge 1999). Juvenile A. astacus were able to differentiate between predatory and
non-predatory fish and responded more strongly to a starved predator, which can be more
dangerous than a non-starved predator (Appleberg et al. 1993).
Finally, impacts of predators on abundance of prey populations can be highly
influenced by environmental factors (Andrewartha and Birch 1954). In tropical latitudes,
during the dry season when the water levels decline, fish become more concentrated in
the remaining wet habitats, thus increasing pressure on confined prey macroinvertebrates
(Prejs and Prejs 1992).
Seasonal hydrological pressures related to differences in predator-prey interactions
may be one of the most important factors that impact survival of crayfish in Everglades
wetlands (Rhoads 1970; Milleson 1976; Kushlan and Kushlan 1979; Jordan et al. 1996a,
Jordan et al. 1996b). Water managers should examine predator-mediated roles of
crayfish, because crayfish may directly or indirectly compete with fish for food and may
modify fish habitats (Momot 1995).

4.5 Summary of Results and Conclusions
The null hypotheses that were originally posed in regard to choice of substrate
between Everglades crayfish and slough crayfish, in the absence of a predator, day or
night, to test significant differences in patterns of behavior, and the effect of a predator on
substrate choice and behavior were rejected. Results that show significant differences in
substrate choice and behavior patterns are summarized in Table 4.13.
1. Choice of Substrate. Even in the absence of a predator, a clear choice of substrate
by both juvenile Everglades and slough crayfish was observed. Everglades and slough
crayfish sought substrate with the highest amount of three-dimensional protection,
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bladderwort, during both day and night. Slough crayfish sought significantly more
protection within vegetative substrates than Everglades crayfish at night. Both species
spent the least amount of time on the sand substrate, where exposure was greatest.
2. Pattern of Activity. In the absence of a predator, there were significant differences
between activity in the morning and in the evening intraspecifically and interspecifically
Both species seemed to exhibit a pattern of behavior that was diurnal rather than
nocturnal. Feeding was the primary activity during the day for both species. While
Everglades crayfish was more actively mobile at night, slough crayfish spent more time
resting and the least amount of time feeding.
3. Presence of an Arthropod Predator. In the presence of an arthropod predator,
significant differences in the choice of substrate were seen intraspecifically in Everglades
crayfish and interspecifically during both day and night. Behavior was also significantly
influenced intraspecifically for both species and interspecifically when comparing day
and night observations. Ranked choice of substrate was approximately the same for
Everglades and slough crayfish as in the absence of a predator, during day and night. The
greatest amount of time was spent in bladderwort and maidencane, and the least amount
of time was spent in cattail and on sand. Juvenile Everglades crayfish spent nearly the
same amount of time in all types of vegetation day and night, but were exposed on sand
at night almost five times as much as during the day and more than slough crayfish under
all conditions Slough crayfish spent significantly more time secluded in bladderwort day
and night than Everglades crayfish.
Finally, in relation to behavior in the presence of an arthropod predator, juvenile
Everglades and slough crayfish were much more active during the day than at night, and
spent much of their time feeding during the day and resting at night. Dramatic differences
in behavior were evident in the sizeable amount of time spent resting at night by slough
crayfish in relation to daytime behavior and to Everglades crayfish activity during day
and night. Movement by juveniles of both species was reduced in the presence of the
caged predator, but Everglades crayfish wandered around twice as much as slough
crayfish at night.
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Juveniles of both species preferred the substrate, bladderwort, that served as an
optimal shelter and food source. However, in the presence of the arthropod predator,
young crayfish spent less time in the more robust plant species. Because slough crayfish
secluded itself more than Everglades crayfish, especially at night, it could be more
sensitive to risks from nocturnal predators, or may receive cues from the local
microhabitat that are linked to species biorhythms.
Young Everglades and slough crayfish exhibit diurnal activity patterns, in which
they spend most of the time foraging and moving about during the day. The presence of a
predator resulted in increased roaming, and decreased feeding and resting during the day,
and decreased roaming and feeding, and increased resting at night for both species,
especially slough crayfish. The smaller slough crayfish may require fewer resources than
Everglades crayfish, and thus spend less time feeding. Everglades crayfish were more
mobile at night than slough crayfish, possibly in preparation for adult survival strategies
of emerging from burrows to feed and mate. Such differences in behavior could be a
possible mechanism for resource partitioning that may allow Everglades crayfish and
slough crayfish to coexist throughout their syntopic and sympatric ranges.
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1.
2.
3.
4.

Table 4.1. Choices of vegetation or sand substrate by P. alleni and P.
fallax during morning (am) and evening (pm) observations,
in treatments with no predator.
P. alleni
P. fallax
Quadrant
am count % pm count % am count % pm count
sand substrate
30 7
25 7
24 6
15
Panicum hemitomon
131 31
116 33
94 25
55
Typha domingensis
62 15
51 14
58 15
52
Utricularia foliosa
200 47
162 46
206 54
162
N=423
N=354
N=382
N=284
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%
5
19
18
57

Table 4.2. Significance of comparisons between P. alleni (pa) and P.
fallax (pf) in choices of vegetation or sandy substrate, during
morning (am) and evening (pm) observations, in treatments
with no predator.
Treatment
N
p
DF
X2
pa am vs pa pm
777
0.960
3
0.300
pa am vs pf am
805
0.179
3
4.898
pa pm vs pf pm
638
0.001
3
16.792
pf am vs pf pm
666
0.317
3
3.529
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Table 4.3. Behavioral responses of P. alleni and P. fallax during morning
(am) and evening (pm) observations, in treatments with no
predator.
Response
1
2
3
4
5
6
7

resting
moving
digging
feeding
avoiding
retreating
approaching

P. alleni
am count % pm count
25
6
86
105 26
118
9
2
0
263 64
143
4
1
1
1
0
0
4
1
0
N=411
N=348
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% am count
25
39
34
109
0
2
41
244
0
0
0
0
0
0
N=394

P. fallax
% pm count
10
110
28
90
0
0
62
79
0
0
0
0
0
0
N= 279

%
39
32
0
28
0
0
0

Table 4.4. Significance of comparisons between P. alleni and P. fallax in
behavior, during morning (am) and evening (pm) observations,
in treatments with no predator.
Treatment
pa am vs pa pm
pa am vs pf am
pa pm vs pf pm
pf am vs pf pm

N
759
805
627
673

probability
p < 0.001
p = 0.009
p < 0.001
p < 0.001
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DF
6
6
3
3

X2
80.876
16.952
18.793
105.360

Table 4.5. Choices of vegetation or sand substrate by P. alleni and P. fallax during
morning (am) and evening (pm) observations, in treatments with a caged
arthropod predator.
Quadrant
1.
2.
3.
4.

sand substrate
Panicum hemitomon
Typha domingensis
Utricularia foliosa

P. alleni
am count % pm count
16
5
45
83 26
67
35 11
42
188 55
160
N=322
N=314
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%
14
21
13
51

P. fallax
am count % pm count %
11
4
9
3
40
16
53
20
15
6
16
6
182
73
191
71
N=248
N=269

Table 4.6. Significance of comparisons between P. alleni (pa) and P.
fallax (pf) in choices of vegetation or sandy substrate, during
morning (am) and evening (pm) observations, in treatments
with a caged arthropod predator.
Treatment
pa am vs pa pm
pa am vs pf am
pa pm vs pf pm
pf am vs pf pm

N
636
570
583
517

probability
p < 0.001
p = 0.002
p < 0.001
p = 0.702

139

DF
3
3
3
3

X2
18.285
14.696
36.772
1.416

Table 4.7. Behavioral responses of P. alleni and P. fallax during morning
(am) and evening (pm) observations, in treatments with a caged
arthropod predator.
Response
1
2
3
4
5
6
7

resting
moving
digging
feeding
avoiding
retreating
approaching

P. alleni
am count % pm count
27
8
132
49 15
86
2
1
1
241 75
69
0
0
0
0
0
0
0
0
0
N=319
N=288
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%
46
30
0
24
0
0
0

P. fallax
am count % pm count
36 15
179
24 10
40
0
0
0
187 75
39
0
0
1
0
0
0
0
0
1
N=247
N= 260

%
69
15
0
15
0
0
0

Table 4.8. Significance of comparisons between P. alleni (pa) and P.
fallax (pf) behavior, during morning (am) and evening (pm)
observations, in treatments with a caged arthropod predator.
Treatment
pa am vs pa pm
pa am vs pf am
pa pm vs pf pm
pf am vs pf pm

N
607
566
548
507

probability DF
X2
p < 0.001
3 174.117
p = 0.022
3
9.656
p < 0.001
5
33.888
p < 0.001
4 197.829
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Table 4.9. Significance of quadrant (substrate) choices of P. alleni (pa)
and P. fallax (pf), during morning (am) and evening (pm)
observations, comparing treatments in the absence (APR) or in
the presence (PR) of a caged arthropod predator.
Treatment
all pa APR am vs all pa PR am
all pa APR pm vs all pa PR pm
all pf APR am vs all pf PR am
all pf APR pm vs all pf PR pm

N
745
668
630
553

142

probability DF
p = 0.022
3
p = 0.001
3
p < 0.001
3
p < 0.001
3

X2
9.632
16.298
26.081
22.588

Table 4.10. Ranked frequency in percent of time spent in each quadrant by all
P. alleni and all P. fallax during morning (am) and evening (pm)
observations, comparing frequencies in the absence and presence
of a caged, adult arthropod predator.

am

pm

am

pm

Quad.
No.

No predator

1
2
3
4
1
2
3
4

U. foliosa
P. hemitomon
T. domingensis
sandy substrate
U. foliosa
P. hemitomon
T. domingensis
sandy substrate

1
2
3
4
1
2
3
4

U. foliosa
P. hemitomon
T. domingensis
sandy substrate
U. foliosa
P. hemitomon
T. domingensis
sandy substrate

Quad.
No.
all P. alleni
47
1
31
2
15
3
7
4
46
1
33
2
14
3
7
4
all P. fallax
54
1
25
2
15
3
6
4
57
1
19
2
18
3
5
4
%
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Predator

%

U. foliosa
P. hemitomon
T. domingensis
sandy substrate
U. foliosa
P. hemitomon
sandy substrate
T. domingensis

55
26
11
5
51
21
14
13

U. foliosa
P. hemitomon
T. domingensis
sandy substrate
U. foliosa
P. hemitomon
T. domingensis
sandy substrate

73
16
6
4
71
20
6
3

Table 4.11. Significance of behavior patterns of P. alleni (pa) and P. fallax
(pf), during morning (am) and evening (pm) observations,
comparing treatments in the absence (APR) or in the presence
(PR) of a caged arthropod predator.
Treatment
all pa APR am vs all pa PR am
all pa APR pm vs all pa PR pm
all pf APR am vs all pf PR am
all pf APR pm vs all pf PR pm

N
730
699
641
539
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probability
P = 0.001
P < 0.001
P < 0.001
P < 0.001

DF
X2
6
26.636
6 185.755
3
31.951
4
50.657

Table 4.12. Ranked frequency in percent of time spent in each behavioral
response by P. alleni and P. fallax, during morning (am) and
evening (pm) observations, comparing frequencies in the
absence and presence of a caged, adult arthropod predator.
No predator
Response
am

1
2
3
4
5
6
7

%
all P. alleni
feeding
64
moving
26
resting
6
digging
2
avoiding
1
retreating
1
approaching
0

pm

1
2
3
4
5
6
7

feeding
moving
resting
digging
avoiding
retreating
approaching

am

pm

Predator
Response

%

1
2
3
4
5
6
7

feeding
moving
resting
digging
avoiding
retreating
approaching

75
15
8
1
0
0
0

1
2
3
4
5
6
7

resting
moving
feeding
digging
avoiding
retreating
approaching

46
30
24
0
0
0
0

1
2
3
4
5
6
7

41
34
25
0
0
0
0
all P. fallax
feeding
62
moving
28
resting
10
digging
0
avoiding
0
retreating
0
approaching
0

1
2
3
4
5
6
7

feeding
resting
moving
digging
avoiding
retreating
approaching

75
15
10
0
0
0
0

1
2
3
4
5
6
7

resting
moving
feeding
digging
avoiding
retreating
approaching

1
2
3
4
5
6
7

resting
moving
feeding
digging
avoiding
retreating
approaching

69
15
15
0
0
0
0

39
32
28
0
0
0
0
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Table 4.13. Significant differences in patterns of substrate choice and behavior for
juvenile P. alleni (pa) and P. fallax (pf), during morning (am) and night (pm)
observations, in the absence (APR) and presence (PR) of a predator.
Quest
Species Time
#1
1

pa-pf

2

pa
pf

3

p

P<
0.001
am vs P <
pm 0.001
pm

am vs P <
pm 0.001
P=
.009
P<
0.001

Predator

Differences in frequencies of
substrate choice2

no

Pf spent more time in Uf than Pa; but
Pa spent 2X more time in Ph than Pf

no

am

pa-pf

pm

pa

am

pa

pm

pa

am

P < yes vs
0.001
no

pa

pm

P < yes vs
0.001
no

pa

no
no

yes

pa-pf

pm

pf

am

pf

pm

pf

am

P < yes vs
0.001
no

pf

pm

P < yes vs
0.001
no

pa-pf
pa-pf

am vs P <
pm 0.001
am vs P <
pm 0.001
P=
am
0.022
pm

Pa (PR) spent more time eating (˜
1.2X) and resting (1.3X) and less time
moving and digging (0.5 X) than Pa
(APR)
Pa (PR) spent more time resting (˜ 2X)
and less time eating (˜ 0.6X) and
moving (˜ 0.9X) than Pa (APR)

AM- spent more time in vegetation
PM- spent 3X as much time on Sa as
during AM
Pf spent 1.3X more time in Uf than
P=
yes Pa; Pa distributed among Uf, Ph,
0.002
and Td
P<
Pf
spent 1.4 X more time in Uf than
yes
0.001
Pa; Pa 4x as much time on Sa as Pf
P < yes vs Pf (PR) spent more time in Uf (1.3X)
0.001
no and less time in Ph (0.6X), Td (0.5X
and Sa (˜ 0.7X) than Pf (APR)
P < yes vs Pf (PR) spent more time in Uf (1.2X)
0.001
no and less time in Td (0.4X and on Sa
(0.7X) than Pf (APR)

am vs P <
pm 0.001
am

pf

PM - Pa fed more; Pf rested more

P = yes vs Pa (PR) spent 1.2X more time in Uf
0.022
no and less time in other substrates than
Pa (APR)
P < yes vs Pa (PR) spent more time in Uf (˜
0.001
no 1.2X) and Sa (2X) and less time in
Ph (0.64X) than Pa (APR)

pa-pf

pa

AM - Pa fed more
PM - Pa moved more and rested more
AM - Pf fed more
PM - Pf rested 4X more than in AM; Pf
moved more and fed less (˜ 0.5)
AM - Pa dug, avoided and retreated
more than Pf

no

pa-pf

Differences in frequencies of
behavior

P<
0.001

Pf (PR) spent more time eating (1.2X)
and resting (1.5X) and less time
moving (˜ 0.4X) than Pf (APR)
Pf (PR) spent more time resting (1.8X)
and less time moving and eating (˜
0.5X) than Pf (APR)
AM- spent 3X more time feeding
Pm spent 2X more time moving and ˜
6X more time resting
AM - fed ˜ 5X as much as PM
PM - rested ˜ 5x as much as AM
AM - Pa moved 1.5 X more than Pf; Pf
rested ˜ 2x as much as Pa; Pa dug
PM - Pf rested 1.5X more than Pa; Pa
moved 2X as much and fed 1.6X as
much as Pf

yes
yes
yes
yes

1

Question 1: will there be significant differences intra- or interspecifically, in patterns of choice of vegetation or sandy substrate
between day and night?,
Question 2: will there be significant differences intra- or interspecifically, when comparing day and night patterns, in expression of
seven predetermined behaviors?
Question 3: will the presence of a predator affect the patterns of substrate choice or behavior of either P. alleni or P. fallax during
day and night observations?.
2
Bladderwort (Utricularia foliosa) = Uf; maidencane (Panicum hemitomon) = Ph; cattail (Typha domingensis) = Td; and Sand = Sa.
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A. Tank racks with experimental
containers

B. Marked crayfish being
acclimated to experimental
conditions

Cattail
(monocot)

Maidencane
(grass)

Predator in
cage
Bladderwort
(dicot)

Sand

C. Experimental container with plants and predator

Plate 4.1 Behavior experiment.
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CHAPTER 5. CONCLUSIONS AND SUMMARY
5.1 Research Overview
In order to study the life history and ecology of the two species of epigean crayfish
inhabiting the Everglades, Procambarus alleni (Everglades crayfish) and Procambarus
fallax (slough crayfish), experiments were conducted under laboratory conditions that
simulated environmental conditions in wetlands of south Florida. Adult crayfish that
provided young for this research were collected mostly from Everglades environments
(sections 1.7 and 2.2). Growth, survival, and development of Everglades and slough
crayfish hatchlings were first monitored to three months of age, under stable conditions
(Chapter 2). Next, in Chapter 3 the effects of abiotic (food availability and water level
conditions) and biotic (density and competition) factors on growth and survival were
examined on hatchlings of both species up to three months old. Finally, the influences of
an arthropod predator on choices of substrate (vegetation and sand), as well as on daily
activity patterns of juvenile Everglades and slough crayfish were quantified (Chapter 4).
This research includes the first biological and ecological studies of young crayfish that
inhabit Everglades environments. Data obtained from these studies can be used for
models such as Across-Trophic Level System Simulation and can be applied to address
Everglades restoration management concerns. By conducting modeling studies to predict
population dynamics, abundance and distribution of the different species and life cycle
stages, and by understanding how crayfish influence energy flow within the ecosystem,
resource managers can make better decisions for restoration, monitoring, and adaptive
management of the Everglades ecosystem.

5.2 Conclusions Concerning Dynamics of Everglades and Slough Crayfish
in Experimental Conditions and Implications for Everglades Wetlands
Management
5.2.1 Effect of Stable Conditions on Crayfish Survival and Growth
Juvenile Everglades crayfish had a lower survival rate than juvenile slough crayfish
under stable laboratory conditions. Young slough crayfish may be inherently adapted to
more stable conditions, but in the fluctuating environment of Everglades wetlands in
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which adult Everglades crayfish are more abundant (Kushlan and Kushlan 1979),
juvenile Everglades crayfish might have higher survival. However, Everglades crayfish
could have advantages in competitive interactions with slough crayfish because of its
larger size: in resource holding potential, in procuring and holding a mate, in
reproduction, where it could have higher fecundity by producing larger numbers of eggs,
and during seasonal drying periods, through more nutrient storage and greater resistance
to desiccation.
Because juvenile slough crayfish were heavier than juvenile Everglades crayfish at a
given length, and gonopods developed at an earlier age, slough crayfish appear to mature
more rapidly than Everglades crayfish, at a smaller size. As crayfish mature, the
transition from isometric, somatic growth to the allomteric growth pattern that occurs
during sexual development, could be reflected by extra weight gain. Slough crayfish
young may have heavier exoskeletons and chela compared to Everglades crayfish at the
same age. Differences between these two species in survival, growth, and development
may indicate that slough crayfish could have a considerable competitive advantage over
Everglades crayfish under stable conditions.

5.2.2 Effects of Food Availability, Water Level, Density, and Competition on
Crayfish Growth and Survival
Comparisons of survival and growth rates between Everglades and slough crayfish,
as influenced by biotic and abiotic factors, indicated that differences between species
could result in competitive advantages (Table 3.7). Slough crayfish had higher survival
rates in all conditions, but Everglades crayfish reached larger sizes. These results were
supported by data obtained from rearing experiments on both species in stable conditions
(section 5.3.1 and Chapter 2), and differences in sizes observed between the two species
in the southern Everglades (Hendrix 2000). There may be inherent genetic differences
between the two species regarding survival and growth rates, but genetic factors are
probably coupled with different reactions to environmental influences that result in
resource partitioning.
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Higher survival rates of both species under conditions of high food availability was
not surprising. Slough crayfish inhabit many different environments, but require abundant
vegetation (Hobbs 1942), which is probably necessary for mating and to provide
hatchlings with immediate protection and nourishment. The significance of higher
survival rates of slough crayfish than of Everglades crayfish in low food availability
indicates that juvenile slough crayfish may metabolize Cabomba carolineana more
efficiently than young Everglades crayfish, and may require less animal protein or
different types of micro-invertebrates than Everglades crayfish. Because slough crayfish
are smaller than Everglades crayfish, this species could require fewer resources.
The larger size of Everglades crayfish and a more size structured population may
allow greater flexibility than slough crayfish to adjust to fluctuating environmental
conditions, such as seen in short hydroperiod wetlands. Growth rates among conspecifics
of each species were similar, but Everglades crayfish survival was the most impacted and
they reached the smallest sizes in drying conditions. Everglades crayfish young normally
would hatch at a time that corresponds to the early part of the rainy season in south
Florida, when water levels would increase.
Since slough crayfish prefer longer hydroperiods and more permanent habitats than
Everglades crayfish (Hendrix 2000), it was not expected that they would have such high
survival rates in drying conditions. Higher survival rates of slough crayfish in drying
conditions may reflect a better ability to accommodate stressful conditions for short
periods of time in order to ensure survival of the cohort. Slough crayfish hatchlings
experienced initially high mortality in drying conditions, and could have been more
sensitive than Everglades crayfish to environmental fluctuations. In high and low water
levels, the survival rates of slough crayfish were not significantly different than those of
Everglades crayfish.
Impacts from high densities of crayfish appeared to be stronger among conspecifics
than heterospecifics. The presence of the smaller sized slough crayfish seemed to reduce,
rather than enhance, the effects of intraspecific competition among Everglades crayfish in
relation to growth and survival.
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In south Florida, the possibility of slough crayfish outcompeting Everglades crayfish
could have critical repercussions on Everglades food webs. If crayfish species
composition is compromised by the successful invasion of slough crayfish into
Everglades habitats, predator-prey cycles may be disrupted, and organisms that normally
feed in shallow waters on Everglades crayfish, such as wading birds and raccoons, may
lose important parts of their diets. The role that grazing crayfish play in the structuring of
Everglades plant communities and effects on nutrient cycles could also be altered. The
deep burrows provided by Everglades crayfish as refugia during dry seasons would be
absent if slough crayfish becomes the more successful competitor as a result of
management strategies, but in longer hydroperiods aquatic fauna may be less dependent
on these burrows for survival

5.2.3 Patterns of Behavior and Choice of Substrate by Everglades and Slough
crayfish in the Absence and Presence of an Arthropod Predator.
The presence of a predator does not affect the selection of substrates, since
bladderwort was chosen in all cases as the preferred shelter/food. However, in the
presence of a predator, crayfish spend less time in those substrates that provide less
shelter. Everglades crayfish risk exposure (on sand) more at night when a predator is
present, whereas the slough crayfish secludes itself both day and night. Crayfish may be
sensing chemical or visual cues from the predator. Slough crayfish could be more
sensitive to such cues, perhaps because they are maturing at a slightly faster rate and their
sensory organs are more developed. Diurnal behavior patterns become more pronounced
when the predator is present, possibly because crayfish may be more active in seeking
food when they can visually assess the risk of an encounter with the predator, in addition
to possible chemical cues. Everglades crayfish may risk exposure more because they are
less able than slough crayfish to sense the presence or nature of the predator. Everglades
crayfish may be developing an adult behavior pattern that includes greater risk of
exposure on non-vegetated substrates, especially at night, to seek food, migrate to new
areas or engage in mating activity.

151

5.3 Summary
5.3.1 Survival and Growth
There are some significant differences between the growth and survival of
Everglades and slough crayfish, and the tolerances of these species to a variety of biotic
and abiotic factors. Genetic differences may account for the higher survival of slough
crayfish and larger sizes of Everglades crayfish under most of the conditions tested in this
research. Even though there are no studies in which survival of the two species is
compared, the growth data is supported by crayfish collections from Everglades
environments. Everglades crayfish probably have more size-structured populations than
slough crayfish. Disparity in sizes between large adults and smaller conspecifics or
heterospecifics, could afford Everglades crayfish a competitive edge in resource holding
potential for food, shelter, or mates.

5.3.2 Development
Slough crayfish mature at a smaller size and probably younger age than Everglades
crayfish, but neither species reached sexual maturity by 12 weeks. Everglades crayfish
reproduction is probably more closely tied to seasonal changes in hydrology, whereas
temperature, water depth, and the presence of vegetation for food and shelter may be
more important to slough crayfish. The preference of slough crayfish for more stable,
permanent, long hydroperiod habitats (Hobbs 1942; Hendrix 2000; Hendrix and Loftus
2000), coupled with early maturation and the potential to produce offspring throughout
the year, could result in constant recruitment. However, because of their larger sizes,
Everglades crayfish females probably produce greater numbers of young.

5.3.3 Competition and Resource Partitioning
Differences in behavior patterns of these two species indicate that behavior could be
a possible resource partitioning mechanism that allows Everglades and slough crayfish to
coexist throughout their syntopic and sympatric ranges. Both species appear to engage in
more diurnal than nocturnal activity patterns. Crayfish have excellent vision, and may
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feed during the day when predators are more visible, so that they can retreat into shelter.
Slough crayfish are less active than Everglades crayfish, especially at night, when they
seek refuge in the most protective vegetation available. While risking exposure on sand at
night, Everglades crayfish are probably preparing for adult life, in which mating, egglaying, and feeding may occur more often at night for burrow inhabitants.
Everglades crayfish are larger, may require more food, and are more aggressive than
slough crayfish. Probably because of these qualities, growth and survival of juvenile
Everglades crayfish are more impacted by intraspecific competition at high densities,
which probably occur more frequently during hydrological disturbances, than by
interspecific competition with slough crayfish.
It appears as if small changes in hydrology can have major effects on the survival
and growth of juvenile Everglades and slough crayfish. Historical changes that have
occurred in the Everglades, including construction of canals, compartmentalization, loss
of short hydroperiod wetlands, and alteration of hydrology may have contributed to the
spread of slough crayfish in the southern Everglades in recent years. Everglades crayfish
seem to be more successful in short hydroperiod wetlands whereas deeper water, more
permanent wetlands are favored by slough crayfish.
Resource partitioning strategies and the distribution and abundance of either species,
which influence Everglades food webs and plant communities, may depend on
hydrology. If it is assumed that juveniles provide some indication of adult dynamics,
alterations of geographical extent and subsequent changes in hydrology have affected
distribution and abundance of crayfish populations (Davis and Ogden 1994). Basically,
loss of spatial extent of Everglades, with subsequent loss of short hydroperiod wetlands
preferred by Everglades crayfish, and subsequent development of more permanent deeper
water wetlands, habitat preferred by slough crayfish, have created conditions in south
Florida in which both species coexist.
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5.4 Future Research
Detailed information on most aspects of the life history and ecology of Everglades
and slough crayfish remains to be explored. Research on the life histories of both species
should be conducted over longer periods of time, so that documentation of growth, the
age or size of maturity, and attendant reproductive strategies of both genders can be
determined. Overall distribution and abundance of both species from wetland
environments in south Florida should also be documented.
Studies of hydroperiod and water quality parameters are important in order to more
fully understand and identify the mechanisms responsible for coexistence of Everglades
and slough crayfish on a microhabitat level. Nothing is known concerning specific
chemosensory capabilities and tolerances of these two species to water quality factors,
which should be explored for all stages of the life cycles of both crayfish species.
Mechanisms that might reveal competitive advantage for either species, as a result of
predator activity, probably relate directly or indirectly to seasonal changes in
hydroperiods. Basic information concerning specific predator-prey cycles of crayfish and
predator-mediated changes of survival or reproductive strategies have not been well
identified within Everglades ecosystems.
Even though results from laboratory experiments, such as this one, yield important
information to support modeling, conservation, and management strategies, similar
results will not necessarily be seen in the field. In laboratory studies, knowledge of
responses of organisms to naturally varying field conditions may be surrendered in order
to obtain more accurate results. Laboratory or field studies could be conducted in
mesocosms to include more of these natural factors. However, such research on crayfish
is limited by the logistics of actually locating very small hatchlings in large volumes of
water or large containers. A more holistic approach to understanding the role and
interaction of specific populations of crayfish within complex ecosystems should include
laboratory and field studies, as well as modeling.
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Modeling of Everglades environments should take into account interactions between
both species. Additionally, the selective use of data from male crayfish in models of
community dynamics (Armstrong et al. 2000) is a less effective approach than using data
from females or juveniles. A model based on female crayfish growth, development, and
fecundity would probably provide better estimates of overall crayfish population
structure, especially if data were incorporated for juvenile growth and survival. Water
managers should take these factors into consideration when developing strategies related
to Everglades restoration.
Finally, water managers must consider the likelihood that even small changes that
occur within juvenile crayfish populations may alter community structure over large
areas and within multiple trophic levels within Everglades wetlands. Changes in depth,
delivery, and timing of water to Everglades environments could be favorable for either
species of crayfish, to the detriment of the other. Conservation strategies should be
formulated to consider successful maintenance of habitat for optimal survival of both
possibly keystone species, Everglades and slough crayfish, in the Everglades ecosystem,
in order to maintain biodiversity and productivity at lower and higher trophic levels (e.g.
arthropods, amphibians birds, reptiles and mammals) in southern Florida and Everglades
wetlands.
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